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s. Isothermal and continuous cooling transformation 
diagrams hare tee a prod need f o r  s i x  medi am-manganeae 
r a i l  s ta s ia *  In  the isothermal experiments, specimens 
were heated for la  minutes at $50°C and the 'progress of 
transformation followed by d ila tom etr io  meana and 
microsoopio examination* ih s  continuous cooling  
transformation 41agrama wort determined under thermal 
conditions simulating those  ooouring In the heat a ffected  
sone of are welds; specimens were heated to  a maximum 
temperature o f  about 1340°0 and subsequently cooled at 
various ra te s . the trails formation characteristics  
during cooling  were stud ied  by lye&ns o f  a strain-gaage
c
dilaism eter, operating a "fontion p lo tter”.
Tim resu lts  have been related to the 
weIdability of the s te e ls  with low- hydrogen electrodes.
I t  has been shown that for the s te e ls
in v est ig a ted :
(a) the b b fe lim it of average peak 
hardness in  the heat-affected sons 
i s  much higher than reported fey 
previous in vestigators.
(b) the relationship  between the incidence 
of hard-gone cracking m d  end-of-trans­
formation temperature, established for 
low alloy  s te e ls ,  does not apply to
madltuu-manganeee r a i l  s t e e l a .
0Col a £00“0 preheat, under thermal 
con ditions ©scoring in  the C.T.3 
w e ld s h i l i ty  te a t  CT.3.II.6 -heat  
input 40 x ICO' joule a / in .  I reduce a 
th e .c o o lin g  rate  s u f f i c i e n t l y  to 
almost completely avoid the formation 
o f  m&rtensite, and leads to  a 
hardness not exceeding 350 V.p.if. In  
the h ea t-a ffec ted  gone,
f &} cracking in  the C.T.3. t e s t  occurs 
only under weldi ng conditions giving  
almos t  completely mart@nsi t i c  
. s tructure In the hard-heat-affected  
gone.
Ce} provided the cooling* curves during 
welding and In the rapid d i la ta t io n  
t e s t a ,  can 'm accurately  duplicated, 
q u an tita tive  estim ates concerning 
. mioroatr act tire and hardness of the 
h ea t-a ffec ted  gone can be derived
■ from the continuous cooling
■ tr a n s fo r m tio a  diagrams.
Grateful thanks are due to Mr. l . t ,B e r r y  and 
fr iends and co lleagu es  of  B attersea  Polytechnic for 
encouragement■ and advice; Mr. B . l .D a n ie l l  for help  
In build ing the apparatus; Prof. ? . 0 .Thompson for 
h e lp fu l suggestlone; Mr. burner, B r it ish  Hallways 
for supplying the s te e ls ; -  hr. K. winter ton and Mr.S.J. 
Bradstreet for arranging and supervising' the 
weXdabillty and rapid d i la t a t io n  t e s t s ,  8.&.R.A for 
the permission to reproduce diagrams o f  ap p aratu s,• 
use o f  th e ir  dllaterneter for the rapid d i la ta t io n  
t e a t s ,  aim carrying out the we Id a b i l i t y  t e s t a .
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1IffTBOMIOTTOfT .
High q u a lity  j o i n t s  o m  to  obtained in  nearly  
a l l  ty p es  of s t e a l  provided t h e  proper welding process 
and procedure are  employed. G enera l ly ,  the  e»se with 
which good j o i n t s  mm he obtained d ec re ase s  with 
in c re a s in g  ca rbon :and /o r  a l lo y  c o n ten t ,  and s p e c i a l  
techn iques  lauat be used i n  such c a se s .
•¥ery o f te n ,  however, the welding con d itions are 
imposed and the techniques th a t can be employed are 
l im ite d .’ ' f h e ?*w©ldsbilityH o f  s t e e l s  has,  therefore ,  
become On important problem and attracted  the 
a tte n t io n  o f  -a large number of in v e s t ig a to r s .
During welding t h e  base metal adjacent to the 
weld i s  unavoidably .heated rap id ly  to a maximum 
temperature, ranging from melting point to room 
temperature, t h a t  v aries  with dtstance from the  
weld. Subsequent rapid coo ling  prevents the normal 
transfer mat! on of th e  s t e e l .  The rate  o f  cooling  
depends on: 1) I n i t i a l  temperature o f  the p la te ,
p la te  th ickn ess , jo in t  geometry and heat input.
Fast cooling r a te s  cause considerable hardening o f  
the hea t  a ffe c ted  gone, and t h i s  exes a .ive hardening 
l a  gen era lly  a ssoc ia ted  with hard-gone cracking.
Valuable Information o f  what the s t e e l  w i l l  
tend to do during the vrsrious stages of the coo ling
can be obtained from Isothermal transformation
diagrams. The importance of these diagram s,in  
the study of w el& abllity  of s t e e l s  has been 
emphasised by many in v e s t ig a to r s .
However, the heating and coo ling  cycle  during 
welding d i f f e r s  considerably from that used in  
deriving the TOT curves, smi hence only q u a li ta t iv e  
information can ba obtained.
In  most of the conventional he&i-treatment s 
and e s p e c ia l ly  i n  welding, transformation on 
c o n t in u o u s  cooling  la  involved . i t  has been re a lised  
that the importance of OTT diagrams was over- ' 
emphasised a t  f i r s t  and more a t te n t io n  i s  now being  
given to continuous coo ling  transformation diagrams, 
q u a n tita t iv e  information about the microstruoture  
and hardness can be obtained' from the  diagrams only  
under the condition  that the shape o f  coo ling  curves 
approaches c lo s e ly  those used for the determination of  
the diagram a. Hot only i s  th e  shape of the cooling  
curves important, but a lso  the a u s te n lt ls ln g  temper at tar 
and time a t  th a t  temperature.
I t  was therefore thought d es irab le  to obtain  
some information on the behavfcur o f  r a i l  s t e e l s  when 
subjected to thermal cyc les  ©souring during arc-welding
3 .
Ai TBQt  w a I d a b il i ty  i e a t e  ( m i n g  tha 
S e v e r ity  T e st  develop ed  by th e  B r i t i s h  W elding 
Beaearoh A a a o a ia tio n  were employed to  find any 
e o r r a l s t i o s  between t r  am  fo rm a tio n  b eh av ioar and 
welding oharaoteris t l  0 9 .
A* d e f in i t io n  o f  R e l i a b i l i t y .
ilo s a t is fa c to r y  d s f in l  t io n  of w e ld a b ility  e x i s t s ,  
though many have been suggested *
1The American Welding Society  d efin es  weld&hi11ty  
m  ** the capacity  of % metal to .be welded under 
imposed fa b r ica t io n  conditions Into a s p e c i f i c  
su ita b ly  designed stru ctu re , and to  perform s a t i s ­
f a c t o r i ly  In  the Intended s e r v ic e .  n 
fL*Heave “ considers we in a b i l i t y  as good I f  the 
metal a m  be welded to  produce crack-free and mechanically  
sa t is fa c to r y  Jo in ts  by most o f  the known proceeded, 
using a wide v a r ie ty  o f  electrodes*
thus the soundness of the welded jo in t  la  
considered as a c r i t e r io n  o f  w eidab illty*
B. %'e Id a b i l i t y  T e s t s .
• ,  Feldab.il I ty t e s t a  are required in  any program 
involv ing  development or -selection  of weldable m aterials  
and determination of optimum methods and techniques for  
welding processes*
Mumeroua t e s t s  have been developed to a s se s s
we 14ability* These be generally divided in to
*£
two groups*”'.
1 . - Direct t e s t s .
£• indirect t e s t s .
1. 3)1reot t e a t e . are those that measure d ir e c t ly  the
e ffec t  of welding on the d u c t il ity  o f  .the heat~affacted 
gone.
These in  %m?n can be subdivided in to  those tea ts  
designed s o le ly  to determine the d u ctil ity  o f  the heat-  
a ffec ted  mnm in  terms of. a b i l i t y  to withstand bend 
t e s t in g ,  and. those which impose su ita b le  m icro -stresses  
so as to sim ulate p ra ct ic a l welding con d ition s . the
JL
well .known He eve f i l l e t ' and Butt vfei&. testa are examples,
bat they measure essen tia lly  only two classes of weIda, . 
good and bad, giving no indication of whether testing  
conditions are s l ig h t ly  or greatly removed, from the 
threshold  of cracking. ilaoy m odifications of the 
original Reeve teat have been developed, but the s a l i e n t  
faatoras o f  bolted p la te s  and anchor weIda have been 
reta ined .
2 . 1M 1.rea t  T est6. These t e s t s  observe the change of  
some property and assume a d irec t  co rre la tio n  between 
th is  change mm  d u c t i l i t y  o f  the welded member.
a 3 Kici* oaf rupture.
In any fu s ion  welding proses?a the parent metal
I s  Invariably  heated  to  various tem pera tu re3 ranging
£r o& m elting point to room temperatore and subsequently
cue led rap la ly  due to best d is s ip a t io n  by the p la te s
which form the heat s ink . Thus a s e r ie s  of micro-
structures resuit®  from the welding thermal c y c le .
The metallographies examination provides  me ana fo r
d etectin g  11 mlero-c.r&okat £) segregation s , 3) in c lu s io n s
4 )grain s i a e ,  hi m ierostructure o f  the heat a ffe c ted  sons
Abborn has pointed out that the combination
of c o a r s e s t  g r a i n  e l s e  and f a s t e s t  cool ing  r a t e  a t
a ce r ta in  point In the h ea t-a ffec ted  sona makes th is
l o c a t i o n  the most su sce p t ib le  to  ora c t i n g ,
The d u c t i l i t y  of the  h e a t - a f f a d e d  zone i s
controlled  not only by m icroctraoture end other
em b rittling  phenomena, d iscussed  In te r fa x  l<* )
must bo considered. More must be .known about the
mechanical p rop erties  of the micro structures that
m y  be present in  the h e a t-a f f to te d  zone to make
q uantita tive  in te r p r e ta t io n  o f  m etaliographic data  
7p o ss ib le .
£ L  Hardness.
the Emrdness developed In th e  h ea t-a ffsc ted
gone o f  a weld received  mm® a t te n t io n  from weld a b i l i t y
8-10 ■in v e s t ig a to r s  than any other weld property. There
mm the b e l i e f  that a sa t is fa c to r y  co rre la tio n  e x i s t s  
between trie maximum hardness and d u c t i l i t y .  'The 
sa fe  upper l i i id t  o f  maximum hardness* necessary to 
avoid crashing i s  Influenced by many factor a which 
w i l l  be d iscu ssed . ' 
a I Bar d e m o i l  i t y
U m w n iM  in iMMiHBMium miiii.iiii»  i,Mhriipi<««iiiiM>lgniii
1 1
fo llo w in g  t in s e l* a  proposals,attem pts have
12-/&been made to  corre la te  weld a b i l i t y  with bar denahi 11 t y .
Doan* S tou t, Fry©, and attempted to
evaluate  the we Id a b i l i t y  of  a s t e e l  by means o f  
©nd-quonoh hardenabl11ty t e s t .
This idea was based on the assumption that  
equal hardness in  the h©&t-affooted m m  and a 
lo c a t io n  on the do in i  113 -Snd-duenoh Bar in d ica te  
equivalent coo lin g  r a te s .  notch bend specimens 
were used to  e s ta b lish  the d u c t i l i t y  hardness 
r e la t io n s h ip .  fo ld in g  cond itions to give these  
coo ling  ra te s  have been determined 'experimentally. 17
T ests  carried out a t  the If aval Hose arch Laboratories
8 .
have in d ic a t e d  th a t  th e  agreem ent betw een  th e  h a rd n ess
p r e d ic te d  and m easured i n  th e  h e a t - a f f e c t e d  zone was
n o t b e t t e r  th a n  2 0 ^ .M o reo v er ,th ere  i s  no good c o r r e la t io n
betw een  h a r d n ess  and d u c t i l i t y , th e  l a t t e r  b e in g  in f lu e n c e d
by o th e r  f a c t o r s  b e s id e s  h ard n ess.H yd rogen  e m b r it t le m e n t , 
18  199 ^ h igh  tem p eratu re  h e a t  -  trea tm en t , s t r e s s  p a t t e r n ,  
h a r d n ess  g r a d i e n t ,a l l  in f lu e n c e  th e  n o tc h  to u g h n e ss .
d) I so th e r m a l T ra n sfo rm a tio n  D iagram s.
A b b o rn ^ ,H ess^  } H o y t^ ,a n d  P u g a e z ^  have  
em p hasised  th e  im p ortan ce  o f  Iso th e rm a l tr a n sfo r m a tio n  
d iagram s in  th e  stu d y  o f  w e I d a b il ity .I T T  cu r v es  w ere  
d eterm in ed  f o r  c o a r se  g r a in e d  s t e e l s  by h e a t in g  to  1370°^  
and f i n e  g r a in ed  s t e e l s  by h e a t in g  t o  900 °C .from  t h e s e  
th e  tem p era tu re  ran ge  i n  w h ich  th e  r e a c t io n  i s  com p leted  
m ost r a p id ly  was d eterm in ed .T h e tim e  to  c o o l  through  t h i s  
range to  produce th e  d e s ir e d  s t r u c tu r e  was d e r iv e d  from  
th e  end -  quench h a r d e n a b il i ty  curve and th e  average  
c o o l in g  r a te  was c a lc u la te d .W e ld in g  c o n d it io n s  to  produce  
th e  d e s ir e d  c o o l in g  r a te  w ere o b ta in ed  from  ex p er im en ta l  
graphs o r  t a b l e s .T h is  method a g a in  i s  s u b je c t  to  th e  rk&r 
l im i t a t io n  o f  th e  end -  quench bar a s  means o f m easuring  
th e  r e sp o n se  o f  th e  s t e e l  t o  th e  weld th erm a l c y c le *
e )C o n tin u o u s C o o lin g  T ra n sfo rm a tio n  Diagrams*
C on tin uou s c o o l in g  tr a n s fo r m a tio n  diagramams
w i l l  y i e l d  q u a n t i t a t iv e  in fo r m a tio n  o n ly  under c o n d it io n s
su ch  th a t  th e  w eld th erm a l c y c le  i s  d u p lic a te d .H e a t in g
t im e ,p e a k  temperatureftim e a t  t h i s  tem p eratu re^ ^ f^  
and shape o f  th e  c o o l in g  cu rve  must approach c lo s e l y
th o s e  o c c u r in g  in  w e ld in g .X h e  in f lu e n c e  o f  a u s t e n i t i s i n g
tim e  and tem p era tu re  i n  a d d it io n  t o  th e  c o o l in g  r a te  are
o f  paramount im portance*^  ( F i g . 7 ) •
C .C auses o f  Weld C rack in g .
The c r a c k s  s e c u r in g  i n  w eld s are  e s s e n t i a l l y  
o f  th r e e  ty p e s :
1 .  Hot c ra c k s  i n  th e  w eld  m e ta l .
2 .  C old c ra c k s  in  th e  w eld m e ta l .
3* Cold cra ck s in  th e  h e a t - a f f e c t e d  zone o f
th e  b a se  m etal,com m only c a l l e d  hard -  zone
c r a c k s  •
1* Hot Cracks in  t h e  Weld M e ta l.
T h is  ty p e  o f  crack  b e in g  o u t s id e  th e  scop e  o f  th e  
p r e se n t  i n v e s t i g a t io n  w i l l  be d e a l t  w ith  on ly  b r i e f l y .
Hot cra ck s  a re  i n t e r c r y s t a l l i n e  t e a r s  o c c u r in g  a t  o r  
Ju st below  th e  range o f  s o l i d i f i c a t i o n  o f  th e  w eld m e ta l,  
m ost o f t e n  s t a r t in g  from g r a in  b o u n d a r ies  o r  prim ary  
d e n d r it e s .^
/©.
29-30Sulphur pic it-up from the has© metal as
31w ell as s i l i c o n ,  phosphorus, carton and n ick e l
can contribute to high temperature weld cracking,
s i l i c o n  and phosphorus promoting sulphur segregation .
Impact t e n s i l e  t e s t e  of weld metal reheated and 
o ote s ted  at 1100 -  1330 C. and hot cracking t e s t s  made
in  an atmosphere of a ir ,  n itrogen and argon have shown
that oxygen and n itrogen  do not p lay an important
32part in  causing hot cracking. I t  has, however, 
been shown th a t in  general the tendency to hot
cracking in creases with hydrogen concentration in
33 ■
the weld m etal.
2. Cold cracks In the Weld M etal.
Another form of cracking which occurs at temperatures
lower than those usually  assoc ia ted  with hot cracking
34-39has been found in  mild s t e e l  weld m etal. Very 
severe cooling conditions were found necessary for  
t h i s  type of crack, the appearance of which i s  sim ilar  
to  those found in  the h ea t-a ffe c ted  zone adjacent 
to  the weld. The tendency for t h i s  type of cracking 
in crea ses  with the manganese content of the weld 
m etal.
I t  has been shown that hydrogen I s  mainly
34resp on sib le , although nitrogen i s  a lso  involved.
If.
40According to  Flanigan end Micleu aatcro- 
craoking f f is su r in g )  in  idild s t e e l  weld metal, 
subjected to rapid coo ling , f i r s t  appears at 1£0°C.
ITo cracks were found in  welds subjected to  in terruption  
of coo lin g  at temperatures higher than 12G°C.
Warren and Vaughan41 have shown th a t preheating  
to  100°C. suppresses m icro-cracking. I t  has 
been pointed out that the tendency to  f is su r e  
decreases with increased cooling rate to some 
minimum value and then decreases again, the time 
of coo lin g  from 150°0 to 13.5°0 being the con tro llin g  
f a c t o r .4^
g. Cracks Occurring In the H eat-affeoted  zone of
the Bale'' Metal .....................     ■
Experience has shown that not a l l  s t e e l s  can be 
welded with the same ea se . Generally the ease of 
welding decreases with Increase In the carbon and/or 
a l lo y  content. High q ua lity  jo in t s  in  these s t e e l s  
can only be obtained under s p e c ia l  conditions of 
welding.
A common d i f f i c u l t y  in  welding higher carbon 
and /o r  a l lo y  s t e e l s  i s  the formation of cracks in  
the h ea t-a ffec ted  zone adjoining the weld, where 
ex cess iv e  hardening r e s u lt s  from lo c a l  rapid coo lin g .
The causes of th is  type of cracking have been 
the subject o f  extensive in v e s t ig a t io n s .
a . Influence of Maximum Hardness Developed 
1 it the " He at -  af f  e e t  e d Zone.
During any welding operation  the jo in t  i s
subjected to rapid heating follow ed by fa s t  cooling
approximating to  that o f o i l  quenching. Extensive 
22 43—45
in v e s t ig a t io n s  ’ * have shown that the coo ling
rate  of the h ea t-a ffec ted  sone of a weld depends on
the fo llow ing fa c to rs:
fa) P late  th ickness and jo in t  geometry.
(b) I n i t i a l  p la te  temperature.
(o) Heat input.
for a given heat-input there i s  a l im it in g  cooling
46
rate  obtainable with increase in  p late  th ick n ess .
Any further increase in  p la te  th ickness makes very
l i t t l e  d ifferen ce  i n  cooling rate because the p la te
approximates to  an i n f i n i t e  heat sink .
The m eta llu rg ica l changes i n  the  heat affected
gone of a weld are determined by the thermal cyc le  to
which each portion  o f  the zone has been subjected and
p a r t ic u la r ly  by the rate  of Cooling. Experimental 
47.43data have shown that underbead cracking i s
assoc ia ted  with m artensite and that carbon and
49manganese have a pronounced in f lu e n c e . Beeve,
50 51Dearden and 0 Hei1, and B a ll and C o ttr e l l ,  s ta te
th a t  hard zone cracks are more l ik e ly  to  occur the
higher the hardness o f  t h i s  zone.
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These f in d in g s  have le d  t o  a  method o f  p r e d ic t in g
th e  w e ld in g  b eh a v io u r  from  a  know ledge o f  hard s u a b i l i t y  ♦ 
B earden and O’E e i l 50 have in v e s t ig a t e d  tHe in f lu e n c e
of a l lb y  c o n te n t  on th e  e x te n t  o f  c r a c k in g  and su g g e s te d  
th a t  t h e  mean h a rd n ess  n e a r  a w elded  j o i n t  can be e s t i ­
mated on th e  b a s i s  o f  i t s  e q u iv a le n t  carbon c o n te n t  
(carb on  c o n te n t  o f  a p la in  carbon s t e e l  w h ich  would  
" g iv e  th e  same h a r d n ess  under s im i la r  stan d ard  w e ld in g  
c o n d i t i o n s ) •
E q u iv a le n t carbon % » C +
H ardness (V*1 . )  ® 1200 z  (Carbon e q u iv a le n t )  -  2 0 0 , 
from  th e  d a ta  ©b ta in e d , u s in g  th e  Beeve t e s t  th e  v a lu e  
o f  330 V .P .k . h a s  been su g g e s te d  as a s a f e  upper l im i t *
I f  t h i s  f ig u r e  i s  a c c e p te d  hard -  aone c r a c k in g  i s  l i k e l y  
t o  o c c u r  when th e  carbon e q u iv a le n t  i s  g r e a te r  th an  0 .45> *  
l a t a  o b ta in e d  by B*W*E.A. i n v e s t i g a t o r s -'1 ,->2
have in d ic a t e d  th a t  th e  "carbon e q u iv a le n tw, though
a good g u i d e , i s  n o t  a b s o lu t e ly  a c c u r a te  and c e r t a in
co m b in a tio n s o f  m anganesef chromium, n i c k e l  are  p r e fe r a b le
t o  o th e r s*  The carbon  e q u iv a le n t  can o n ly  be a p p lie d
33
to  w e ld in g  c o n d it io n s  u sed  i n  th e  ex p erim en t.T h ere  
are  o th e r  f a c t o r s ,  su ch  as carbon c o n te n t ,  ty p e  o f
e le c t r o d e  ,  i n i t i a l  tem p era tu re  o f  th e  p l a t e ,c o o l in g
r a te  a t  low te m p e r a tu r e s , w h ich  in f lu e n c e  th e  s a f e  
upper l im i t  o f  th e  h a rd n ess o f  th e  h e a t  -  a f f e c t e d  son s*  
T h ese  w i l l  be reviev*ed in  s e c t io n s  b ,c ,a n d  d o f  c h a p te r  I .
K e r k h o ff^  h a s  prop osed  th e  fo l lo w in g  "carbon
e q u iv a le n t” fo r m u la ;-
1C a* 100 C + 16 I n  + 7 I I  f  20 Cr + 25 Mo * 20 V.
w here G,M n,IIi,Cr ,Mo and V i s  e x p r e sse d  in
P re h e a t was c o n s id e r e d  n e c e s s a r y  when:
1 • U sin g  norm al e le c t r o d e s  50 -  1 .3 d
2 .  U sin g  b a s ic  e le c t r o d e s  1L > 70 — 1 .3 d
3 .  P la t e  t h ic k n e s s  d^-32 mm.*
Maximum hi^rdness i n  th e  h e a t - a f f e c t e d  zone
me
in c r e a s e s  w ith  h a r d e n a b il i ty  f o r  a  g iv e n  carbon le v e l2 5 *
I f  th e  carbon c o n te n t  i s  v a r ie d  th e  r e la t io n s h ip  i s  n o t  
so  s im p le  b eca u se  th e  maximum quench h a rd n ess  o b ta in a b le  
depends on carb on  conten t.W hen  a  s t e e l  i s  banded o r  s e g r e ­
g a te d  t h i s  c o n d it io n  w i l l  p e r s i s t  i n  th e  h e a t  -  a f f e c t e d  
sa n e  and i s  l i k e l y  t o  have an e f f e c t  on i t s  m ic r o s tr u c tu r e  
and p r o p e r tie s .T w o  b a tc h e s  o f  s t e e l  o f  p r a c t i c a l l y  th e  
same c o m p o sit io n  and h a r d s u a b i l i t y  as d eterm in ed  by th e  
Jominy end -  quench method,may d e v e lo p  d i f f e r e n t  h a r d n e sse s  
i n  th e  h e a t -  a f f e c t e d  so n s .T h e  r e sp o n se  o f  a  s t e e l  t o  hmrd 
h a rd en in g  can  vary when s u b je c te d  t o  d i f f e r e n t  th erm al
n 56c y c l e s  •
I S .
Although two s t e e l s  may show the same hardenability  
as determ ined  by end-quenching t e s t a ,  they may vary 
widely in  eracking tendency. Deoxidation practice  
and prior thermal h is to ry , a l l  in fluen ce the tran s­
formation behaviour. A hom ogenising treatment of
one hour at 1290°0 decreased underbead cracking
4 o
consider ably in  a car bon-manga.nose s t e e l .  °  The 
abnormal crack s e n s i t i v i t y  in  hot r o l le d ,  non- 
homo genised p la te  i s  thus probably caused by manganese 
segregation .
h. Influence o f  P i f fu s ib le  Hydrogen.
The incidence of hard-zone cracking in  arc 
welding a l lo y  s t e e l s  can be a ltered  by using d if fe r e n t  
types of e lec trod es  or d if fe r e n t  heat inputs for the  
same e lec tro d e . Thera i s  l i t t l e  or no cracking in  
h ig h - te n s i le  s t e a l s  when a u s te n i t ic  s t e e l  e lectrodes
are used. From the work of se v era l in v e s t ig a to r s ,
43 , 44 , 49 , 52 , 5  6-S0, ^i t  appears that hydrogen must be
considered as an important factor i n  the  i n i t i a t i o n
of cracks in  the h ea t-a ffec ted  zone.
61iAallet and Hie pel determined the r e la t iv e  
hydrogen content in  welds made with d if fe r e n t  e le c ­
trodes; although the hydrogen content was not lower 
in  the a u s te n it io  weld m etal, i t  was rendered harm-
1 6 .
l e s s  'being retained to a large extant in  the weld
metal due to i t s  higher s o lu b i l i t y .  Thera were
considerable d ifferen ces  in  the amount of hydrogen
o owhen the determination was done at £0 , 650 and 
1040°C. At 650° and 1040°C the highest amounts of  
hydrogen have been found for the a u s te n i t ic  electrode;  
they were very low when determined at room 
temperature. Similar r e s u lt s  have been obtained  
by Bisenfcolb anc^fehrlich^ end Granjon?^
64,65,
The s o lu b i l i t y  o f  hydrogen in  iron  and s t e e l
drops abruptly on s o l i d i f i c a t i o n  and again daring
the transform ation ^ ^ ^ ( y i g . l ) .
The important factor in  the  removal of  hydrogen
from iro n  and s t e e l  i s  the rate of d i f fu s io n  which i s
stron g ly  dependent on temperature, chemical composition
66 67and microstructure * ( F l g . 2 ) .  According to
68Schumann and ilrdmann cold woricing in creases s l i g h t ly  
the rate  o f  d i f fu s io n  of hydrogen; the rate of  
d if fu s io n  decreases stron g ly  when the deformation  
exceeds 30,1.
A d is t in c t io n  has been made between " d if fu s ib le  
hydrogen" which d if fu se s  quickly in to  the atmosphere 
and " n o n -d iffu s ib le” which w i l l  not d iffu se  out even 
a fte r  many weeks o f  standing^* ^
The main source of hydrogen i s  the e lectrod e
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71 72coating, * hydrogen being present in  the form
of water or organic compounds. Moisture can be
removed e a s i ly  by heating to 100°C but i t  i s  very
d i f f i c u l t  to remove the combined water.
The amount of hydrogen in  the weld and heat-
a ffe c ted  zone of base metal depends on the ra ts  o f
coo ling  and type of e lectrod e  used. This exp la ins
why increasing the heat input for a given type o f
e lectrode reduces the extent of cracking,
18Schaeffer e t  a l  , reviewing 183 p ub lica tion s
on the a f f e c t  of hydrogen, concluded that hydrogen
cannot be regarded as the only, or main, factor in
causing cracking. Other fa c to rs  such as hard,
b r i t t l e  s tru ctu res , and transformation s tr e s se s
must c o n tr ib u te .7^
The em brittling  e f f e c t  of hydrogen depends on
74the m icro-structure and strength  of the s t e e l  and
7bthe rate  of s tra in in g .
^  f j  Y*t
2app$e and De Kazinczy have shown that a 
pressure mechanism may be operative and suggested  
that pressure i s  generated by the formation o f  
molecular hydrogen in  c a v i t i e s .  The recovery of 
d u c t i l i t y  with time, however, suggests the a ction  
of " d if fu s ib le ” rather than ”n o n -d iffu s ib le"  molecular
42
hydrogen.
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l g .
78B astien  and Azou suggested the c o l le c t io n
o f  hydrogen at d is lo c a t io n  s i t e s  and that these
hydrogen "atmospheres” raigrate with d is lo c a t io n s .
These th e o r ie s ,  developed s o le ly  on,the lower
temperature d if fu s io n  r a t e s ,  cannot exp la in  the
o v era ll  p icture of hydrogen embrittlement. Brown 
79and Baldwin have demonstrated that i n  the temperature 
range 149° -  205°0  the embrittlement i s  in s e n s i t iv e  
to  s tr a in  r a te .  For u. f ixed  stra in in g  r a te ,  hydrogen 
embrittlement Increases wi th in creasin g  temperature to  
a maximum value and then decreases with further increase  
o f  temperature ( F i g . 3 ) .
Though hydrogen in crea ses  the tendency to  hard 
zone cracking, they may occur in  the absence o f  
hydrogen e . g .  spot welds.
c .  In fluence o f  the Bate of Cool ing in  the 
Temperature range 10 cA .. kOO^C.
Severe ex tern a l r e s tr a in t  was once considered
necessary for the formation of hard zone cracks.
80However, exten sive  in v e s t ig a t io n s  by B.W.K.A. have 
shown that external r e s tr a in t  i s  not necessary to  
i n i t i a t e  hard-zone cracking. I t  was found that the 
rate o f  cooling through ..the .rang© of martens i t e  
transformation i s  the c r i t i c a l  f a c t o r .43 The rate
of cooling  at 300 °C which g ives  freedom from hard
zone cracking has been suggested as c r i t e r io n  of
weld& bility .
The rate of cooling  through the mar ten s!  t i c
transformation range has a pronounced affect on low
temperature cracking in. w alls  made with c e l lu lo s e
35 Z/ 6coated e lectrodes' Higher coo ling  ra tes  through
th is  temperature range increase the extent of cracking.
d . Influence of I n i t i a l  Temperature o f  the p la te .
Pre-heating to 150° -  £50°G does not appreciably
a f fe c t  the cooling  rate at higher temperatures but
reduces i t  considerably near and below the preheat
temperature. for  higher a lloyed  s t e e l s  the reduction
of cooling ra tes  at higher temperatures i s  not
s u f f ic ie n t  to prevent the formation of m artensite yet
cracking i s  su c c e s s fu l ly  prevented. With proper
preheating, orack-free welds can be produced with a
81f u l l y  m arten sitic  s t ructure .  Excessive hardness 
end the presence o f  m srtensite  does not therefore  
n e c e ssa r ily  r e s u lt  in  cracking.
e .  Temperature o f  Hard-zone Cracking.
Hard zone cracking cannot be caused s o le ly  by
JU>.
the  volume changes a s so c ia ted  with t h e  form ation  
of martanalte, because oracling occurs at much 
lower temper a t  are a ,(bolow 100 0 0 ) # w ^ ^  ana ve ry  
o f te n  develops only  a f t e r  an In o u b a t io n  period  
of  hours or l a y s .
f . e f f e c t , o f  High Temperatu r e Heat T rea tm en t .
H igh  I n t e r n a l  s t r e s s  -re s a l  t i n g  f r o m  t h e  
aua t-BBlte  m a r t e n a i t a  t r a n s f o r m a t i o n  was c o n s i d e r e d  
r e s p o n s i b l e  f o r  t h e  low r e s i s t a n c e  t o  f r a c t u r e ; 
how ever  t h e  same h i g h  i n t e r n a l  s t r e s s  m a s t  be 
p r e s e n t  i n  c o n v e n t i o n a l l y  h a r d e n e d  s t e e l  w h ich  
shows h i g h  t e n s i l e  s t r e n g t h .  The i n f l u e n c e  o f  
h i g h  s u i ! t e n i t i s i n g  t e m p e r a t u r e s  was i n v e s t i g a t e d ,  
ana i t  was fo u n d  t h a t  s t e e l s  h e a t e d  t o  v e r y  h i g h  
t e m p s r a t a  r e s  above  14G0°C became v e r y  b r i t t l e
gO
i n d e p e n d e n t l y  o f  t h e  m i o r o s t r u c t u r a .  " T h i s  
e m b r i t t l e m e n t  cau se d  by h i g h  a a s t e a i t i s i i i g  t e m p e r a t u r e  
may be one o f  t h e  can as  a of  h a r d  gone o r  a c t !  tig.
I t  h a s  b e e n  shown by s im p le ,  c a l c u l a t i o n  t h a t  t h e  
b r e a k i n g  s t r e n g t h  o f  m a t e r i a l  w i t h  a  c r i t i c a l  
d u c t i l i t y  -  1" i s  v e r y  s e n s i t i v e  t o  t h e  s t r e s s  
p a t t e r n .
The t r a n s v e r s e  f r a c t u r e  s t r e s s  h a s  b e e n  fo u n d  
t o  be  e n t i r e l y  d i f f e r e n t  f rom  t h e  t e n s i l e  p r o p e r t i e s  of 
t h e  p l a t e  m a t e r i a l . 65.
CHAPTER II  
LITERATURE REVIEW OH ISOTHERMAL AND
continuous c q q l i m g  tm sfob m atiob .
A. Isothermal Transformation.
In iso th erm al transform ation  experiments small 
specimens are a u s te n i t is e d  at a g iven  temperature fo r  
a period o f  time and subsequently ra p id ly  cooled to  
a predetermined s u b c r i t i c a l  tem perature. The time 
necessary fo r  the  r ea c t io n  to  s t a r t f the ra te  at whieh 
i t  proceeds, and the time taken to  complete the rea ct io n  
are determined.The r e s u l t s  obtained are p lo tted  in  the
form of TTT Curves.A la r g e  number of such Isotherm al
8 4  — 8 8Diagrams have been determined.
1 .Methods of Determination .
Changes in  s tru ctu re  have been fo llow ed  by many 
methods*
( a) Mi e r a sc o p ic .
The m icroscopic method adopted by Davenport 
and Bain  ^ i s  time consuming and req u ires  examination  
o f  a large  number o f  specimens but has the great  
advantage th a t  i t  g iv e s  v i t a l  inform ation  about the  
m icrostructures not in d ica ted  by any other methods.
The other methods do not u su a lly  d i f f e r e n t ia t e
r e l ia b ly  between the separation o f  pro-eutecto id  
con stituen t and o f  pear11t e ,  and i t  i s  customary 
to  supplement the r e s u lt s  obtained by some micro­
scopic work.
(b) p ila tom etr le  Method.
Dilatometry has been ex te n s iv e ly  used and many 
kinds of  d ilatom eters have been developed, the 
d ifferen ces  in  th e ir  construction  being mainly i n  
the recording system, and the tran sfer  o f  the 
dllatom eter from the a u s te n it ls in g  furnace to the 
isotherm al furnace.
95 ,96 .
fc) Magnetic P erm eability .
The ra tes  o f  cooling  which can be s tu d ie d  by 
th is  method are rather low and therefore t h i s  method 
i s  not su ita b le  for fa s t  transforming s t e e l s .  The 
r e s u lt s  are a ffected  to  some extent by s tr e s s e s  
a r is in g  daring coo ling  and transform ation. Higher 
cooling  ra te s  can be studied using very small 
specimens and s p e c ia l ly  designed magnets.
(d) B leo tr io  R esistance
#v
In most of these methods i t  i s  d i f f i c u l t  to  
measure the changes o f  re s is ta n ce  during cooling to  
holding temperature. There are a lso  d i f f i c u l t i e s  
assoc ia ted  with sh o r t -c ir c u it in g  in  lead bath, so the
2B.
measurement o f  e l e c t r i c a l  re s is ta n ce  i s  started  
after  the specimen has cooled to the holding  
temperature and has been taken out of the isotherm al  
bath and transferred  to a supplementary tube furnace 
mounted above the isotherm al bath furnace,
( e) X-Hsy Method.100"101
The progress of transformation ia  followed by 
measuring the changes in  in t e n s i ty  of d i f f r a c t io n  
l in e s .  The r a te s  of cooling  which can be studied  
ar© very slow and hence t h i s  method has lim ited  
ap p lica tion  being su ita b le  only for slow transforming 
s t e e l s .  The in te r p r e ta t io n  o f  the r e s u l t s  requires  
considerable s k i l l .
( f } Importance of Pooling Bates in  Isothermal 
Tr angfomatloir^aTpe r S e  n t s .
Isothermal transformation experiments are very 
s e n s i t iv e  to the experimental technique used and 
e s p e c ia l ly  to the coo ling  r a te .  Specimens cannot be 
cooled Instantaneously to the isotherm al temperature 
and the time necessary to reach t h i s  temperature w i l l  
depend on the a u s te n it is in g  temperature, the s iz e  and 
shape of the specimen, and the quenching power o f  the 
bath. The use o f  a s a l t  or m etal bath for austen -  
i t l s i n g  can lead to dross on the specimen which slows
down the cooling  r a te .  Thun coo ling  ra te s  are 
genera lly  not reproducible* ftever and Hose
in v est ig a ted  the e f f e c t  of d if fe r e n t  r a te s  of  
cooling  to  isothermal temperature and found, that  
decreasing the coo ling  rata r e s u lt s  in  longer times 
both for the s ta r t  and end of transform ation. The 
e f f e c t  of coo ling  rate  w i l l  be more merited with fa s t  
transforming s t e e l s .  As the cooling  rate i s  
decreased experimental conditions approach those  
of continuous cooling  (see Chapter I I  B}*
Heoalescense ocourring with f a s t  transforming  
s t e e l s  I s  another source o f  error.
2* Limita tions of Xsotherxaal Transformation 
DiTagr mas.
Isothermal transformation diagrams are based on 
a study of samll samples ta ten  from a s in g le  c a s t .
Other oasts  o f  the same type o f  s t e e l  or even d iffer e n t  
parts of  the same Ingot may d if f e r  consider ably in  
th e ir  transformation c h a r a c te r is t ic s  An example
of d if feren ces  in  transform ation behaviour o f  
d iffe r e n t  oasts o f  the same type o f  s t e e l  i s  i l lu s t r a t e d  
in  F ig .4 * ^ ^
Since the cooling curves occurring In  p r a c t ic a l  
heat treatment d i f f e r  considerably from those in  the
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the isotherm al study, the a p p lica t io n  of TTT curves
©7 I$1
I s  lim ited  to only few heat treatm ents. 1
B. Continuous Cooling Transformation.
The transformation behaviour under continuous 
cooling approaches p r a c t ic a l  heat treatment 
conditions more c lo s e ly  and severa l continuous 
coo ling  transformation diagrams have been published.
1. Methods of heterm!nation.
fa) A modified end-quench technique was used 
by Xdedholm104 and Kreiner and hroneis105 Jominy 
bars were end-quenohed for varying tim es, followed
by quenching the whole bar in  water. While liedholm  
determined the coo ling  curves at d if fe r e n t  lo ca tio n s  
on the Jominy bar, I'reiner and ICroneis used the 
published cooling curves already determined by 
R u sse ll  and Williamson?^** They point out that with  
some s t e e l s  the cooling  curves may be d is torted  due 
to recaleseence and therefore temper&ture measurements 
are necessary.
fb) Steven and Meyer *0 7 adopted a d llatom etrio  
method. Cooling ra tes  occurring during o i l  quenching 
o f  bars of d if fe r e n t  diameter at d if fe r e n t  d istances
2 & .
from the surface war© simulated by air cooling  
appropriate dilat©metric specimens*
(o) High speed d ilatom eters have been developed
for the study of continuous coo ling  transformation o f
. , 56,108,109s te e ls *  ’ *
2* Influence o f  Hate of  Heating and Peak
Temper a t  ur e o ri The'mrTr ans x o rmat i  on Be Kavi o ur.
mu wmwm —  . nn— hi m— <— i w w mn  <111— a w u w iiin i will mmmmmammmmummmmMmnmmm
Thermal c y c l a n d  peak temperature*5®* 21,
Influence the transformation behaviour of s t e e l s  as
mentioned In  Chapter I ,  A short time at a u s te n it ls in g
temperature r e s u lt s  in  non-homogeneous a u sten ite  and
some retained  carbides, and the lower alloyed austenit©
transforms more rapidly*
High a u s te n it ls in g  temperatures produce large
grained austen ite  in creasin g  the h ardenablllty  o f
the s t e e l ;  the s ta r t  and f in i s h  o f  transformation
in  the p e a r l i t e  range i s  moved to the r ig h t  by high
a u s te n it ls in g  temperature* The b a in it lo  transformation
does not seem to be a ffected  by increase in  a u s te n it ls in g
temperature in  most s t e e l s . 111 However with Hl-Cr-Mo
s t e e l s  i t  was found that the b a in lte  rea ct io n  i s
20accelerated  a fter  heating to high temperature.
C*1.11.C o ttre ll  found that Increased a u s te n it ls in g
time resu lted  in  a cce lera t io n  of the b a in i t ic  re a c t io n
(more b aln ito  formed when rat© of heating to  1340°C 
was decreased11®
3• Importance o f  the R eproducib ility  o f  Cooling 
Curves.
B eprod u clb il ity  of coo lin g  curves i s  o f
paramount importance in  any contlnuoua coo ling  
103experiments. The shape o f  coo ling  curves in  
any experiments to  determine the  continuous cooling  
transformation diagrams must approach as c lo s e ly  
as p o ss ib le  the cooling  carves obtained during 
heat-treatm ent, and these cooling  curves must be 
superimposed on the diagram. q u an tita tive  in ­
formation concerning m icrostructure and properties  
can be predicted from the diagram only I f  conditions  
in  determining the diagram duplicate  the thermal 
cyc le  Involved In  p r a c t ic e .
Cooling ra te s  obtained by gas quenching when
gas pressure Is  kept constant do not reproduce
109cooling curves obtained in  arc welding. A high  
speed dllatom eter was developed by which
sim ulates the welding thermal c y c le s  more accurate ly .  
In t h i s  method the use of  high frequency heating  
and tubular specimens allows more rapid heating and 
coo lin g , and the coo ling  rate Is  contro lled  by 
su ita b le  choice o f  gas volume, gas pressure and 
s iz e  o f  nozzle o u t le t .  S tra in  gauges in  con­
junction with a Honeywell-Brown function  p lo t te r
are used for recording time-tei&perature and d i la t io n -  
temperatare sim ultaneously . Continuous Cooling
Transformation Diagrams for C-Mnf Mn-Mo^°
114 „ , „ 115medium carbon s t e e l  and a Hl-Cr-Mo s t e e l
have been produced by t h i s  method.
Another method used for the study o f  continuous
cooling  transformation In welding was developed by
116Apblett, Poole and P e l l i n i . A taper bar i s  heated 
by passing a heavy current and temperatures occurring  
in  the h ea t-a ffec ted  zone and cooling  r a te s  are 
duplicated.
C. Correlation of Isothermal and Continuous Cooling 
Tr anaf orm atl on .
Since TTT curves and continuous coo ling  transform­
ation  curves are only d if fe r e n t  methods of representing  
the same basic  transf ormations, numerous attempts have 
been made to  co rre la te  the two types of data. An 
accurate method of performing t h i s  co rre la tio n  i s  of 
importance both th e o r e t ic a l  and p r a c t ic a l ,  since i t  
may be easier  to  determine one curve experim entally  
while the other would be of greater p ra ct ica l use.
The need for corre la tin g  the transformation
during continuous cooling  with isotherm al data has
117been pointed out by Davenport, but no p r a c t ic a l
29 .
method of corre la tin g  the two types o f  transformation
lift 119diagrams has been developed. Scheil^-^and Steinberg
presented a method for c a lc u la t in g  the temperature 
at which transformation hegins during continuous 
coo lin g , S ch e il  suggested that during continuous  
coo ling , the fr a c t io n a l  incubation  times are additive  
and that transfonoation  begins when the sura
where t l  represents the time spent in  a cer ta in  
temperature range, and Ti represents the incubation  
period appropriate to  that temperature range. He 
emphasised that t h i s  summation could only be expected  
to g ive r e s u l t s  where i t  had been previously  
ascertained  that the reaction s over the particu lar  
temperature range concerned were continuous and 
a d d it iv e .
120
Grange and Kiefer studied the transformation  
of S.A.B 4340 s t e e l  cooled at various steady rates  
and proposed a method for ca lcu la tin g  the continuous 
cooling  transformation diagram from isotherm al data. 
Their method d i f f e r s  s l i g h t ly  from that of S ch e il  and 
i t  i s  baaed on the assumption t h a t :-1 ) the cond itions  
of continuously cooled a u sten ite  at the in s ta n t  i t  
cools  to the temperature at which i t s  cooling curve 
in te r s e c t s  the s ta r t  l in e  of  the TTT diagram, i s  not
su b s ta n t ia l ly  d if fe r e n t  i f  the a u sten ite  had been 
quenched to  th is  temperature some add ition a l coo lin g  
time w i l l  be required before any measurable 
decomposition occurs. 2} The amount o f  decomposition  
of au sten ite  cooled through a lim ited  temperature 
range(T^-Tg) i n  a given time (t^ -t^ )  i s  approximately 
equal to  the amount indicated  by the Isothermal 
transformation diagram at th© mean temperature
*1 *■ ^2
2
120 104According to  Orange and X iefer , and liedholm
cooling  curves cannot be superimposed on the TTT 
curves without con trad iction  o f  the p r in c ip le  o f
constant temperature change.
121Manning and Lorig studied the in fluen ce o f  
ra te  of cooling on the temperature at which the 
transformation s ta r t s  during continuous coo ling  
and found that f r a c t io n a l  incubation  times in  one 
transformation range are not add itive  to those in  
another.
A review o f  methods o f  co rre la tin g  the two 
types of transformation has been given by Holloman, 
Jaffa and Horton1^  nearly a l l  attempts have been 
based on the hypothesis o f  a d d it iv i ty  of f r a c t io n a l  
incubation times proposed by S c h e l l .118
121-124
I t  has been shown ~ that pe&rlite and b a in ite  
reactions are non-additive, and i t  i s  d i f f i c u l t  to  
obtain complete corre la tio n  for isotherm al and 
continuous oooling transformation even In an 
additive r e a c t io n  such as p e a r l i t e .  Isothermal 
p ea r lite  has a constant in ter  lame l ia r  d istance  
whereas a range of spsclngs e x i s t s  in  the continuously  
cooled product.
Where more than one type o f  transformation  
occurs e .g .  p e a r l i te  and interm ediate, p a r t ia l  trans­
formation in  one temperature range may a lter  the trans­
formation ch a r a c te r is t ic  in  the other temperature
range I f  the two types are not e n t ir e ly  Independent.
125There i s  some evidence * that th© transformations in
a s t e e l  are interdependent. P re c ip ita t io n  o f  pro-
eOteotiod f e r r i t e  in creases the  carbon content of  the
untransformed au sten ite  which r e s u l t s  in  a more
slu gg ish  transformation In the b a in ite  range. The
presence of m artensite has been found to a f f e c t  the
126bain ite  formation. Th© incubation period for the  
formation of ba in ite  decreases d iscontinueusly  at the  
Ms temperature. Under isotherm al cooling  conditions  
the presence of 30;C m artensite reduced the incubation  
time for ba in ite  formation below Ms to about l /7 t h  o f  
that at the Ha temperature.
3 2 .
124
Pumphrey and Jones have In vestiga ted  the
in te r - r e la t io n  of h&rden&bility and Isothermal
110transformation data. By extending Schell*a
hypothesis they developed a method for ca lcu la tin g  
the continuous coo lin g  transformation diagram, from 
the TTT curve, making the s im p lify ing  assumption 
that the various types of transform ation are 
completely Independent.
118This method e s s e n t ia l ly  combines S c h e l l ' s
method for c a lc u la t in g  the s ta r t  of transformation
120and Orange and K ie fe r 's  method for ca lcu la tin g
the progress of  transformation.
127Wever and Kriesment developed a mathematleal
. 118treatm ent, based on S c h e l l ' s  hypothesis which not 
only allows the ca lcu la t io n  of th e  continuous 
cooling  transformation from the isotherm al diagram, 
but a lso  the reverse procedure. However most TTT 
curves are not amenable t o  a simple mathematical 
representation , nor are the coo lin g  curves 
n ece ssa r ily  l in ear  or ITewtonian, and a rigorous  
mathematical so lu t io n  i s  im possible in  the m ajority  
of p ra c t ica l o a ses . I f  a graphical so lu t io n  i s  
su b stitu ted , the accuracy w i l l  not be considerably  
b etter  than that obtained from S c h e l l ' s  method.
I f  the Isothermal transformation curve I s  expressed 
by a function t  s f{ ) and the continuous
cooling transformation cur va by t  * f^{ ) and the
cooling curves which for a linear cooling are a
bundle of straight lines  passing through the origin,
b y  6  ( X  ) *  g (  ) =  h f A l ^ r ,
than /  -  t^( a ) -  ~h_____
V d r
o /<*)
and f! A ) -  f d   ^ }
$<<■*>
fhe Influence o f  cooling  curves, in  any isotherm al  
experiment, on the TTT curve, i s  i l lu s t r a t e d  in  Fig.^1
V. . ,
3). Transformation Diagrams and We Id a b i l i t y ,
Hess and co-workers*^ suggested a method of 
using the transformation diagrams to predict welding  
cond itions.
Although TTT diagrams have been determined 
using a u s te n it ls in g  temperatures 1370°0 for coarse 
grained and 900°C for f in e  grained m ateria l, the  
times derived from the standard Joining bar proved 
too d ifferen t  from those observed In welds to allow  
any adequate co rre la tio n .
TI
M
E 
SE
C
S.
IDEAL ISO T 
TRA N SFO RM
HERM AL 
ATI ON CURVE
FIG. Si EFFECT O F  THE SH A PE O F  THE C O O L IN G  CURVE O N  THE START 
O F T R A N SFO R M A TIO N .
—  A T £  —  ID EA L ISO T H E R M A L Q UENCH  CURVE.
—  —  ACTUAL COOLING CURVE DURING IS O T H E R K A L  QUENCHING
O F  SM A LL S P E C IM E N S .
—  • — L I N E A R  C O O L IN G
—  STEPWISE CO OLING
3 4 .
The transformation behaviour of s tee ls  i s  
affected by such factors as rate of formation of 
austenite , austenite*-grain s i z e , decree of 
homogeneity, degree of so lid  solution of alloying  
elements. 128, l t 9 ,
Continuous Cooling Transformation Diagrams 
determined under beating and cooling conditions 
simulating welding thermal cycles are of more value.
I f  hardness values, corresponding with different 
cooling curves, are plotted in  the continuous cooling 
transformation diagrams, the hardness and micro- 
structure for a given cooling curve can be estimated 
from such diagrams
130Bose and Strassburg *" have shown that the cooling 
rate at any point of a s tee l  specimen, can be deter­
mined from microstructure and hardness when, the 
continuous cooling transformation diagram is  known. 
Hardness alone i s  not su ff ic ien t  for assessing the 
cooling rate.
ihere actual cooling curves do not approach 
closely  enough different miorostruotures w il l  resu lt,
iQ /fas i l lu stra ted  in F ig .6. Dot only the cooling 
curve but heating rate and peak temperature are 
important,^ The influence of the austenitlsing  
temperature is  i l lu stra ted  in F ig .? . I t  has
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also  been shown that a u s te n it ls in g  time iaaj a lte r  the
l lotransformation beha«bur. An in crease  in  the
a u s te n it ls in g  time reduced the amount of  m artensite  
and raised  the temperature for  the s ta r t  of in terred !a te  
transformation and the f in i s h  o f  mar tonal t i c  trans­
formation. Hapid heating i s  therefore necessary in  
determining continuous cooling  transformation diagrams 
applicable to welding con d ition s.
O.L.M. C o ttr e l l  has examined the transform ation  
c h a r a c te r is t ic s  o f  S3 4 experimental low -a lloy  s t e e l s  
using thermal cy c les  s im ilar  to those occurring in  
the h ea t-a ffec ted  zones of the large and small weld in  
the Beeve t e s t .  A re la t io n sh ip  between the temperature 
for completion o f  au sten ite  transform ation during 
continuous cooling and the formation o f  hard-zone 
cracks during welding has been found. I f  transform ation  
continued below the c r i t i c a l  end of traneformation  
temperatures, cracks are found in  the heat a ffec ted  
zones of welds made under the same cooling  con d itions.
Brad s t r e e t* 3"4 has shown thatYbriter ion of  
c r i t i c a l  end of transformation does not apply to  
higher carbon s t e e l s .
11C-113 an£ Bradstreet114
According to C.L.Id.Cottrell 
the Iv'o, temperature i s  lowered with very fa s t  cooling
r a te s .  This i s  at variance with r e s u lt s  o f  Qrer&ger*^2
and Meyer son and Tiosenberg.
S te e ls  transforming slow ly  in  the p e a r l i te
range and -r e la t iv e ly  quickly in  the b a in ite  range
have beat w e l ia b i l i t y  coupled with high strength
1^4in  the normalised condition . Figs 7{a~d).
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CHAPTER 111
m im o v m w a  atsd description of apf^hatus
A llT fB C K g lQ U S in  s
A, Conclusions from Previous work.
I t  has "been shown In  the Liter attar© Review that  
tran sfer  time and cooling rate have a marked e f f e c t  
on th© r e su lt in g  transformation diagrams. To approach 
as o lo s e ly  as p o ss ib le  the id e s !  isotherm al cooling  
curve (F lg . t f . ) rapid transfer  and high cooling  rates  
are necessary. Th© dil&tometric method does not 
d if f e r e n t ia te  r e l ia b ly  between the reaction s  of pro- 
en tec to id  f e r r i t e  and pearlit©  and i t  i s  necessary  
to  supplement the r e s u l t s  by the metaliographic method.
B. Development o f  the Bgulpraent.
To ensure rapid transfer  the a u s te n it ls in g  
furnace was supported CfLthe quenching furnace.
The furnaces were 3upended-on th£$r s t e e l  ropes 
passing over p u lle y s .  Counter-weights attached to  
these  s tr in g s  f a c i l i t a t e  rapid v e r t i c a l  movement o f  
the furnaces.
Rapid coo ling  was obtained by using th in  s tr ip  
specimen and su ita b le  method of gripping to minimis©
the retarding e f f e c t  o f  the d ila tom eter . To 
f a c i l i t a t e  the d i f f e r e n t ia t io n  between the f e r r i t e  
find pear lit©  re a c t io n s ,  water spray quenching of  
p a r t ia l ly  transformed specimens was considered.
This was abandoned because the delay time, estimated  
to  be 1,5  s e c s ,  was too long for th® s t e e l s  
In v est ig a ted .
The d ila tom etr ic  data showed th a t ,  under Isothermal 
con d itions , the d ifferen ces  in  transformation behaviour, 
for a l l  s t e e l s ,  were sm all. A heat-treatment technique, 
where a l l  s i x - s t e e l s  could be heat-treated  sim ult­
aneously, has been envisaged. With such technique, 
any delay or v a r ia tio n  in  cooling ra tes  would be the  
same for a l l  specimens and comparison of the r e la t iv e  
behaviour made e a s ie r .
0. Description o f  Apparatus.
a . D ilotom etrio Method.
I . D.i 1 atome t  er Me oh a nlsm.
A sim ple# push-rod d ia l  gauge type dilatometer  
was used. The specimen 0.025 Inch th ick , 0 .25 inch  
wide and £.5 inch , long, having a two inch gauge 
len gth , was suspended from -ei-H-ca a s i l i c a  hook at 
the base o f  the outer tube. The s i l i c a  push rod, in  
turn,was supported through the bottom hole o f  the
3 9 .
specimen. (F ig . 9  ).
The outer s i l i c a  tube was cemented in to  a 
dilatom eter head bolted  to a cooling ring supported 
on a s t e e l  frame. A Mercer d ia l  gauge, reading to  
0.0001 inch , clamped to  the head, was adjusted to give  
an i n i t i a l  reading of about 500 x  lQ~f inch . A stop  
watch was mounted beside the d ia l  gauge.
2. Heating and Quenching.
The s u s te n it l s in g  and lead bath furnaces were 
both mi chrome wound, tubular and mounted v e r t ic a l ly  
i n  s e r ie s .  The isothermal bath consisted  of a 
s t e e l  container supported Inside the lower furnace; 
the medium used in  t h i s  container was lead for
temperatures above 400°G and lead-bismuth below
o
400 C# Short s t e e l  tubing f ixed  to  the bottom of  
the a u s te n i t is in g  furnaces extended 0 .5  inch.below  
the lead bath su rface , acting as a gas s e a l  (Fig . ).
The furnaces were suspended on th in  s t e a l  ropes 
passing through p u lleys f ixed  to the xaain frame, which 
also  acted as guides for the furnaces. Counter weights 
attached to the other ends o f  the s t e e l  ropes f a c i l i ta t e d  
l i f t i n g  and lowering of the furnaces.
For heating the furnaces were adjusted in  such a 
way that the specimen wae in  the centre part o f  the 
upper furnace. After a n a ten it is in g  both furnaces were

FIG. IO.
4 0 .
l i f t e d  rap id ly  “by p u llin g  the  counterweight down.
The dilatometer regaining sta tion ary , was transferred  
to  the  isotherm al hath.
3 . Temperature Control.
The temperature was contro lled  to ~  3°C by means 
of variab le  r e s is ta n c e s  in  s e r ie s  with th e  furnace 
windings and Sunvic energy c o n tr o l le r s .
Chrome 1-aluciel thermo couples were used in  both 
the a u a ta n it is in g  furnace and in  the isothermal bath.
4. Recording .
D ial gauge and time readings were recorded 
photographically with a gun camera g iv in g  s ix teen  
frames per second. The f i r s t  f iv e  seconds were 
recorded by continuous operation o f  the camera. 
Thereafter 8-3 frames were taken every two seconds 
using a synchronous motor with a gear system operating  
a m icro-sw itch . In terv a ls  longer than two seconds
were operated manually.
To prevent any delay In fo llow in g  the dimensional 
changes a v ibrator was fixed  to  the cooling ring on 
which the dilajfa&eir was supported.
b. Met allograph! o Iuethod._
1, Apparatus.
The apparatus i s  shown I n  FigS. II -  12. The 
a m t e n i t i e in g  furnace(a) and the isotherm al hath 
furnace (B) Vi'ere arranged h o r izo n ta lly  in  s e r ie s .
The water quenching tank (C) was located at the 
s id e  ox furnace (B). Frame ) £ } ,pivoted on forked 
supports can he moved rap id ly  from one furnace to 
tha other by the pulley  arrangement (B ) . Individual 
specimen holders (r), f i t t e d  on frame (B ), can be 
swung over to quench the specimens in  water after  
predetermined holding times in  the isothermal bath.
Tha specimens measured 0 .0 3 5 ” x 0 .2 5 ” x C .4W, and 
were suspended on £2 gauge nichrome wires fixed  to  
the specimen holders. To prevent ox idation  and 
ex cess iv e  heat lo s s e s  from the surface, the bath 
was covered with f in e  charcoal. lead was used for 
the a u s te n lt is in g  bath and lead-blsmuth a l lo y ,  having 
a m elting point o f  240°yf for the isothermal bath.
2. Temperature Control.
The temperature o f  the a u s te n it is in g  furnace was
ncon tro lled  to  -  0 0 by means of variable res istan ce  in  
s e r ie s  with the furnace winding and a ehopper~bar type 
ind icator  c o n tr o l le r ,  and that of the quenching bath
C lf r fc h L I I

furnace to  -  E C by means of an e lec tro n ic  Wheeloo 
C&pacitrol ind icator co n tro lle r .
3 . Quenching Technique.
Specimens were au aten itised  for 15 minutes at 850°0 
then transferred to the isothermal hath. Estimated 
tran sfer  time was about 0 .3  se c .  A stop watch was 
started  aa soon as the specimen had been immersed in  the 
isotherm al hath. After predetermined times the 
specimens were quenched in  water. This transfer  
time was estimated as about 0 .2  sec .
Due to the abrupt stopping of the movement of  
the specimens during quenching, any dross or lead
oat from the lead bath was removed from the 
specimen and a true f a s t  quench was obtained. The 
surface of the specimens a fter  water quenching was 
examined for c le a n l in e s s .  Specimens with leaded  
surface were r e jec ted .
3>. Bapid D ila ta t io n  T e s t s .
The Literature review has shown that the trans­
formation behaviour may be a ffected  i f  the s t e e l  i s  
subjected to a rapid thermal cy c le ,  and that the 
a u s te n it is in g  time and temperature can in fluence the 
transform ation c h a r a c te r is t ic s .
To find  out the influence o f  these v ar iab les ,  
rapid d i la ta t io n  t e s t s  have been made using the  
apparatus and technique developed by 3.W.H.A.
Cooling r a te s ,  sim ulating d if fe r e n t  conditions  
of arc welding were produced in  d ila tom elric  specimens 
by su ita b le  regu la tion  o f  ga3 volume and pressure, and 
s iz e  o f  i n l e t  noxxle. To avoid temperature gradients  
and obtain  rapid cooling by gas quenching tubular 
specimens £ in .  long x 0.225 in .  outside d ia . x 0.15 in .  
in te r n a l d ia .  were used.
1. D e ta ils  o f  B.W.B.A. Equipment.
II i i » i i i i « h i w i i i i « w iii « ■ — .1 * 1 ,■ ■  m m  | „ I-  r nmt m  t m m m m r n u t  m >« i n  m9  h ik i i i h W  i w k . m — .  ■—
a) The b ila to m eter .
A pash-rod s tr a in  gauge type dilatcm eter was 
used. (F ig . 1 3 ^  I t  c o n s is ts  o f  a 7 mm. bore s i l i c a  
tube cemented to a sp e c ia l  head. A short length o f  
4 .5  mm. bore s i l i c a  tube fused to the 7 mm. bore one 
acts as the bottom support o f  the specimen. The 
compound s i l i c a / s t e e l  push rod moves a l ig h t  p la s t ic  
d isc  which i s  restra in ed  by three equally spaced 
niohrome strain-gauge w ires. 0.002 in .  d ia . 3 in .  long 
Three sim ilar w ires which are not in  tension provide 
temperature compensation. Each s e t  of wires i s  in  
s e r ie s  and forms one arm of a Wheatstone Bridge.
To a s s i s t  the production o f  a uniform temperature 
along the specimen during cooling the gas in le t  end 
o f  the specimen i s  sh ielded  by a short length of 
s i l i c a  tube cemented over the 6 ioia. cruciform s i l i c a  
end of the push rod.
A screw adjustment on the p la s t ic  d isc  i s  used 
to provide a s l ig h t  p re-ten sion  of the strain-g&uge 
wires before s ta r t in g  a t e s t .  Constant voltage i s  
applied across the bridge c i r c u i t .  Any out of  
balance voltage from the bridge i s  proportional to  
the extension  or contraction  of the specimen.
b ) He ating gqalpine n t .
An e le c tr o n ic  h igh-frequenti^s induction  heater 
having a ra tin g  o f  UI.W. i s  used. With th is  type of 
heater peak temperatures o f  1300°C can be obtained in  
7-10 s e c s .
o ) R e cor di ng Fqul pment.
for Measuring the temperature, chrome 1 and alumel 
wires are separate ly  f la s h  welded to the Inside bore of 
the specimen. The thermocouple and the Wheatstone 
Bridge outputs ars fed in to  a fa s t  response s tr ip  chart 
Honeywell-Brown ” Function B lo t te r ” . The chart move­
ment i s  contro lled  by the thermocouple input, providing
4 5 .
the temperature ax is ;  the pen movement i s  contro lled  
by the length changes of the specimen and provides 
the d i la ta t io n  a x is .  A second pen, added to the 
instrum ent, i s  drawn across the chart at constant 
spaed by a synchronous motor and provides the time 
axi s .
Two carves: tem perature/d ila ta tion  and time/
temper at are are drawn simultaneously on the chart.
The progress o f  the transformation can be followed  
from these curves and from the r e s u l t s  a continuous 
coo ling  transformation diagram can be constructed.
To remove H .f , ear rents induced in  the thermocouple 
a f i l t e r  comprising three tuned c ir c u i t s  i s  inserted  
in  the leads to the in d ica tor .
The arrangement for quenching i s  I l lu s tr a te d  in  
f i g .  The quenching gas i s  admitted near the centre  
o f  the dilatometer tube and i s  allowed to escape at  
both ends o f  the tube. The gas i s  admitted to the 
dilatsm cter tube by ans of three holes surrounded by 
an annular r ing  to prevent an uneven pressure on the 
s i l i c a  rod f f i g .  ) .
Two pressure cy linders having volumes 1 and 2J c b .f t .  
and low pressure tank, having a volume o f  4 c b . f t .  are
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a r e  u se d .  Any c o m b in a t io n  o f  th r e e  volum es c a n  be
o b ta in e d  a t  p r e s s u r e s  up t o  20 l b / s q . i n .
We Id a b i l i ty  T e s t s .
The eooling rate  being the main factor In
61
I n i t ia t io n  of hard zone cracks the C.T.S.(Controlled  
Thermal S ever ity )  le ld a b il ity  t e s t  based on heat flow 
and developed by B.W.B.A. was chosen. Thermal 
s e v e r i ty  T .8 .N .4  and T.S.3J.6 was used with varying  
heat inputs; the welding conditions are given In  
Table I .
Anchor welds have been made with anaststenitic  
electrod e  in  three runs. After laying the anchor 
welds, the t e s t  assembly was allowed to coo l to  room 
temperature and any slackness in  the b o lt  taken up.
The bithermal t e s t  weld was made f i r s t  with the 
p la te  at an angle o f  45° to the h orizonta l in  a heat 
in su la ted  j i g .  When the assembly had cooled to  room 
temperature the second t e s t  weldf tritherm al) was 
made.
The t e s t  assembly was l e f t  bolted together for one 
week before se c t io n in g , to allow for the incubation  
period necessary to develop cracks. Bach t e s t  weld 
was sectioned  as ind icated  in  Fig. 1 4 . ,  polished , etched  
i n  2$ n it& l, and examined m icroscop ica lly  for cracks.
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CHAPTER I V .
MATigHI ALS .
The s t e e l s  were supplied as short length  of r a i l s .  
D r il l in g s  were taken from the head of the r a i l s  for  
a n a ly s is .  s ix  s t e e l s  were se le c te d ,  whose chemical 
and speotrographic analyses are l i s t e d  in  Table I I .
Preparation of Specimens.
A. Isothermal Work.
The head o f  the r a i l  was cut o f f  and sectioned
lo n g itu d in a lly  in to  two halves (see F ig .17). One
h a lf  was hot r o l le d  in to  *§” th ick  s t r ip .  After a
s u b c r i t ie a l  anneal of two hours at 650°0 the s t r ip s
were cleaned by p ick lin g  in  a so lu t io n  of sulphuric
acid and th erea fter  cold r o l le d  to two th icknesses  of
0.025" and 0.035".
The s t r ip s  were cut in to  p ieces  .7" long and annealed 
oat 900 for 8 hr s .  To prevent ox idation  and de- 
carburlsation  the s tr ip s  were wrapped in  mild s t e e l  
sheet, placed In a s t e e l  tube with a sm all amount of  
charcoal, and sea led  by welding on p la te s  at each end.
This method proved s a t is fa c to r y ,  g iv ing  bright annealed 
s t r i p s .
4 9 .
D ila ta t io n  specimen were made from G.C25” annealed 
s t r ip ,  a fter  trimming the edges. The specimens 2.5 in .  
long and 0.25 in .  wide were prepared in  a f i l i n g  j ig  and 
h o le s ,  2” gauge length at a distance from each end 
d r i l le d  in  the same j ig .  The specimens were n ick e l  
plated a fter  degreasing and cleaning in  d i lu te  HG1.
The 0 .0 3 5 ” atrip  was used for specimens intended  
for microscopic a n a ly s is .  These were 0.4" long and 
0 .2 5 ” wide, with a l /1 6 t h ,r hole d r i l le d  a t  each end.
A ll specimens were stamped for in d e n t ifIca t io n .
Another se t  o f  specimens was prepared by machining 
s t r ip s  0.25" th ick  and 0.4" wide from the  head of the 
r a i l .  S l ic e s  0 .0 3 5 ” th ick  were cut from these s tr ip s  
and 1 /1 6th" holes  d r il le d  at one end. The3Q specimens 
were not subjected to any homogenising treatment before 
isotherm al heat-treatm ent.
B. Hardeliability and Bapld D ila ta tio n  T e s t .
Standard Jominy end-quench bars and tubular long 
x 0.225" outside d ia . x 0 .1 5 ” in te r n a l d ia . rapid  
d ila ta t io n  t e s t  specimens were a lso  machined from the 
head of the r a i l .
0. W elia b ility  T e s t .
I" th ick  x 3 ” square p la te s  were machined from the
5 0 .
web and the bottom flange of the r a i l s  for the w e ld a b ility  
t e s t s .  711 x 4" x §M mild s t e e l  p la te s  were used for the 
bottom p late  of the w e ld a b il ity  t e s t  assembly i l lu s t r a te d  
in  Fig. 15.
P. Metallographies Specimens.
One edge of the is \o th erm a lly  heat-treated  specimens 
was ground o f f  to a depth of 1 ia.m. to remove any 
daoarburised layer . (See F ig .10). Specimens were 
mounted in  batches of up to 24, polished , etched in  2ip 
n ita l  and examined m icroscop ica lly .
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A. Transformation Behaviour under 'Isothermal Conditions.
wn*iii .  »!«»?>*>■ mrm mnmmt. m irwuay ^ t -  < r  t i f n n m i r r i r  T f i.in ir  u n n r r  w n m  >i.i .. n . m i - t j r r i i w  • " rr~  ~nr »■ iw i m mti ■
d e t a i l s  of isotherm al specimens are l i s t e d  in  Tables,.
I l l  to ¥1X1 and the isotherm al transformation diagrams 
shown in  f i g s ♦19-BO.
1. Metallography o f  1 go thermal. Tr anaf orrnatl on.
a. franaforiaat ion In the t emperature range ?00Q~ S50°C
Be composition- of auatenlte in  t h i s  range occurs 
in  two s ta g e s % p r e c ip ita t io n  o f  pro-euteetoid  f e r r i t e  
followed b y  the formation o f  pearlit® . The rate of  
transformation at temperatures c lose  to  41 la  very 
slow and -the r e su lt in g  micro s ir  act are i s  f e r r i t e  and 
coarse, partly  epherdadlaed, pear l i t © .  The
®pherdidination i s  very advanced in  patches which 
transformed f i r s t  ( f i g . S l ) ,  and a lso  in  p a r t ia l ly  
transformed grains ( f i g s .  8B-25K The patchy
i
character of transformation in d ica te s  m icrosegregation. j 
■ The amount o f  pro-eutectold  f e r r i t e  decreases and 
proportionally  larger amounts of pear11te  of increasing  
f in en ess  are formed as the temperature o f
transformation i s  lowered. With decreasing temperature 
the f e r r i t e  becomes more p la t e - l ik e . (F ig s  26-28).
At 600°C only a very small amount of grain-boundary 
f e r r i t e  i s  present and the p e a r l l te  becomes very f in e  
(F ig s .  29-31)•
The number of in c lu s io n s  was quite large in  the  
s t e e l s  in v e s t ig a te d . Transformation u sually  started  
at the surface o f  non-m etallio  Inclusion s (F ig .32) 
r e su lt in g  in  banding which although not evident in  the 
normalised or ro l led  con d ition  Is  very pronounced in  
the p a r t ia l ly  transformed specimens (F ig s .31-35) The 
banding in  p a r t ia l ly  transformed specimens was most 
pronounced in  samples cut from the as received  m ateria l,  
and l e s s  pronounced in  specimens prepared from the hot 
and cold r o l le d  s tr ip  which had been annealed for 8hrs.
The incubation  period and time of reaction  decrease 
s t e a d i ly  with decreasing temperature and reach a mini­
mum at about 550°0.
0 0Transformation in  the temperature range 550 -  500 0
In th is  temperature range, p e a r l l te  and b a in ite  
transformations overlap to such an extent that they are 
not rea d ily  d is t in g u ish a b le .
At 550°C upper b a in ite  and f in e  p e a r l lte  were 
found at the edges o f  the specimens where the carbon
content has been reduced due to  decarburisation /
f
(F igs . 36 -37 ).
The transformation product in  t h i s  temperature 
range I s  f in e  p e a r l ite  and upper b a in ite  ( f i g s ,  38-40).
c .  Transformation in  the temperature range 500Q-gQ0°C.
Below 500°C the transformation product i s  b a in i t io .  
B ainite  formed at the upper end of t h i s  range resembles 
lam ellar p e a r l i t e ,  the p la te s  being f in er  and more 
regu lar .
G OAt temperatures 450-400 C carbide p rec ip ita t io n  i s  
v i s ib le  w ithin  the f e r r i t e  phase ( f i g s ,  41-45). The 
e f f e c t  of non-m etalllc in c lu s io n s  on the transformation  
i s  evident from f i g . 43.
The incubation period increases rapidly below
o
450 C, while the rate o f  transformation decreases.
B a in ites  forced at the temperatures approaching 
the Ms resemble tempered martenaite ( f i g 3 . 45-46).
2. Dilatometric Bata.
D ilatom etric experiments c o n s is te n t ly  give shorter  
incubation periods compared with those obtained by the 
metallographic method. This was to be expected 
because the larger d ila tom etric  specimens took longer 
time to coo l to Isothermal temperature and only the 
f l a t  portion of the d i la ta t io n  curve was taken as the
5 6 .
TABUS I V
I n c u b a t io n  p e r io d  and r e a c t i o n  Tim es f o r
I s o th e r m a l  T r a n s fo r m a t io n  o f  S t e s l  B.
^Temperature 
! o
1 0
i
Incubation 
Period for 
secs.
1 Incubation 
j Period for 
[ p earlite  
1 secs.i
r
JSnd of 
Be action  
secs.
1 Hardness j 
i V.P.E.i
1
730 660
\\
L .............. !
sii
720 120 1 ' ! |
700 IB 1 - II
690 9 115000
! . .......... . ..... j 8x10s'1...... .
675
■
5 200 ! _ | I j
650
...... ....- ...........
2.5 8 .0 I  7 0  |
1 !
227
625 1.5 3.5■ j 25.0 | 246
600 1 .1 1.5
i 1 «
15.0 i* 1 250
575 0 .7 1.0 J 1 2 . 0  j 269
550 0 .7 0 .8 | 10.0 j 283
525 0 .8 11 . c 1 295
500 1.0 - 14.0 j 305 J
475 1.5 - 18.0 | 300
450 2.0 mm 22.0 | 312
425 3.0
.it i
30.0 j 330
400 4.0 j 45.0 j 376
375 6.0 j 70.0 j 413
350 8 .0 “* | ioo.o !i 437
330 10.0 | 150.0 |I 473 J
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T AB LB V .
I n c u b a t io n  p e r io d  and r e a c t i o n  Times f o r
I s o t h e r m a l  T r a n s fo r m a t io n  o f  S t e e l  C.
Temperatare 
0
Q
Incubation  
Period for 
^  se c s .
Incubation  
Period for  
I^earlite 
se c s .
Bnd of  
Besction  
s e c s ,
Hardness
V.P.H.
750 650 -
720 150
700 £0 -
690 12 50 000
675 5 320
650 2.5 10 90 220
625 1.5 5 35 233
600 i . o 2.0 20 247
575 0 .8 1 .2 14 £73
550 0 .7 0 .9 11 283
525 0 .8 0 .8 12 289
500 1 . 0 «* 14 £85
475 1.5 - 16 290
450 2 .0 - 22 309
425 3 .0 - 30 330
400 4 . 0 45 387
275 6.0 - 65 415
250 8 . 0 - 95 438
230 16.0 - 140 463
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TABLE IT! ,
I n c u b a t io n  p e r io d  and r e a c t i o n  Tim es fo r
I s o th e r m a l  T r a n s fo r m a t io n  o f  S t e e l  3?.
Temperature
00
i
Incubation  
Period for 
s e c s ,OL
ii
Incubation I Bnd of  
Period for I Keactlon  
P ea r llte  j se c s ,  
s e c s .  |
i
F
Hardness
V.P.ff.,
j
730 j 660 i i i
- ~  • | ! i
7EG | 120 - !
700 ! 18i -
1 j
;
I ;
690 9 15 00 0 8x10 4 j
675 5 200 } I { ; 
j j
650 2.5 8.0 70 219 11
625 1.5 3 ,0 25 245 |
1
600 1 .1 1.0 15 253 j
575 • 0 .8 0 .8 12 j 265 |
550 0 .7 mm 10 283 i
i
525 0 .8 - 11 298 j
500 1.0 14 316 |
475 1.5 - 18 302
450 2.0 - 22 320 j
425 3 .0 - 30 347 jI
i
400 4 .5 - 45 397 I
375 7.0 70 | 418 j
350 9.0
1
H O  j 445 |
3@0 11.0 [ 160 j 478 |
59 .
TAB LB V I I .
I n c u b a t io n  p e r io d  and r e a c t i o n  Times f o r
I s o th e r m a l  T r a n s fo r m a t io n  o f  S t e e l  H.
Temperature
0
G
Incubation  
Period for  
o l s e c s .
Incubation  
Period for  
P ea r lita  
s e c s .
Bnd of  
Beaetion  
s a c s .
Hardness
Y .P .f .
no - -
720 800 -
700 50 •
690 24 50 000
675 10 450
650 3 .5 12 120 238
S£5 2.5 5 45 243
600 1.5 2.5 25 268
575 1 .2 1.5 20 293
550 1 .1 1.2 18 298
525 1.0 1.0 17 317
500 1.5 - no 315
475 1.8 - 30 310
450 2.5 - 38 329
425 3 .5 - 50 358
400 5.0 - 65 405
375 8.0 - 100 428
350 10.0 - 140 457
330 13.0 - 180 483
60.
I n c u b a t io n  p e r io d  and r e a c t i o n  Times f o r
I s o t h e r m a l  T r a n s fo r m a t io n  o f  S t e e l  J .
Temperature
0
C
Inoubation  
Period for  
oc seo s .
S Incubationi Period for
I P ea r lite  
| s e e s .
Reaction
Time secs
Hardness
V.P. f f .
730 - -
720 800 -
700 50 1 • -
690 24 50 000
675 10 450
650 3 .5 12 110 240
625 2.5 5 45 250
600 1.5 2.5
___ _- ................
25 263
575 1.2 1.5 20 272
550 1.1 1 .1 17 290
525 1 .0 - 16 310
500 1 .5 - .20 319
475 2.0 mm- 26 310
450 2.5 0m 35 320
425 3 .5 - 45 357
400 5.0 - 60 406
375 8.0  |i...- ____ ______, I
90 425
350 10.0 | - 130 452
330 13.0 j 170 476
i  no libation period. In the  metallogr&phie method time
to  cool to  temperature I s  included in  the Incubation  
period. Preliminary experiments have shown th a t even 
with the sn&all met a l io  graphic specimen the time neces­
sary to  reach 500 °C was about 1.5 se e s .  I l t h  the very 
short incubation  time at 55C°0 specimens w i l l  probably 
s ta r t  transforming at a higher temperature. The 
expansions' accompanying the transformation at d iffer en t  
temperatures are l i s t e d  in  Table IX. The sm allest  
expansion occurs at about 550°C. Above 550°C the 
expansion Increases s l i g h t ly  due to increasing amounts 
of f e r r i t e  in  the m icroatructure. The decrease i s  more 
rapid below 550°C, where b a in it lo  structures are formed. 
The values have been estimated from d i la ta t io n  curves 
obtained during the d ila tom etr ic  experiments on isothermal 
tr  ansi orm&t i  on.
TABPS IX.
Linear Expansion accompanying the Isothc rmsl
n i i i m  n ■ ii , i i ■     i in       ■■ i i i i w  iri i w m « ,  i wn w n n w w n  i fiffi W     i m u w ttransformation o f  a u ste n ite .
Temperature
O r *
V /
E x p a n a lo s
•ifp
650 0.40
600 0.385
550 0.36
500 0.41
450 0.48
400 0.55
550 o . o o
! i !
T
tM
M
M
J
V
H
•O O i
6 0 0
5 0 0
4 0 0
200
IO O
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T l M t  SECONDS ,
n & i a  ISOTHERMAL TRANSFORM ATION DIAGRAMS FOR STEELS C( )A ND J<-
(AMSTENITISED IS MIMRTES AT * 5 0  *C .)
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T IM E  SECONDS
HS.Nl ISOTHERMAL TRANSFORMATION DIAGRAMS FOR STEELS -------- ) AND HI
(AUSTENITISED IS MINUTES AT S S O t )
F i g .21 .S t e e l  B transformed fo r  15 hrs.  
at 690°C(120).
i^lS Ik*-
J i g . 22. S te e l  B traaaformed fo r  13 lira, 
at 69C°C(x 500)
F ig .25 .Steel G transformed for 24 hrs.
at 690 °C(x 500)
F ig .24 .Steel J transformed for 24 hrs.
> f  O ~  \
Fig.25.Ste&l J transformed for 24 hrs.
at 690 °C(x 500).
F ig .26.Stee l  A transformed for 20 secs
o
F ig .27 .Steel A transformed for 1 nin. 
at 650 °C (x500).
F i g . 2 8 . S t e e l  B t r a n s f o r m e d  f o r  20 s e c s ,
a t  650 °C ( x 5 0 0 ) .
F ig .29 .Steel G transformed for 8 secs,  
at 600 °C (x500).
B i g . 3 0 . S t e e l  B t r a n s f o r m e d  f o r  3 s e c s ,
a t  600 °C ( x 5 0 0 ) .
f i g . 21.S tee l  B transformed for 2 secs,  
at 600 °C (x 100 J .
f i g . 2 2 . S t e e l  J  t r a n s f o r m e d  f o r  8 s e c s ,
a t  600 J G ( x 500 ) •
P ig .33 .Steel B transformed for 2 secs,  
at 550 °C (x TOO ) .
i ' i g . 3 4 . 3 t e e l  B t r a n s f o r m e d  f o r  s e c s
a t  550 °C (x 500 ) .
P ig # 3 6 * 0 te e l  H tra n sfer® ed  f o r  10 sec£*  
a t  550 JC ( x  500 ) -D e ca r b o r ised  
edge.
1 ^ . 3 8 .  S t e e l  3? t r a n s f o r m e d  f o r  10 s e c s ,
a t  500 °c  ( x 500 ) .
Fig.37*Steel J transformed for 10 secs.
at 550 °G (x 500 ) -  Decarburised 
edge.
f r i g *39*S t e e l  H t r a n s f o r m e d  l o r  10 s e c s  
at 5s > 0 ( x >00 ) •
i?‘i g . 4 0 .  S t e e l  J tr a n sfo r m e d  f o r  15 s e c s
a t  500 °C ( x 500 ) .
l ’ig .41  • S t e e l  A t ransform ed  f o r  12 secs  
a t  450 °C ( x 500 ) .
P i g . 4 2 . S t e e l  A tra n sfo rm ed  f o r  25 s e c s
a t  400 °C ( x 500 ) .
P ig .42 .S t e e l  B transformed for 25 sees,  
at 400 °C ( x 500 ) .
F i g . 4 4 . S t e e l  F t r a n s f o r m e d  f o r  25 s e c s
a t  400 °C (x 500 ) .
l g . 4 5 *A tee l  h t ransfo rm ed  f o r  12 scae 
a t  550 °C ( x 500 ) .
1 i g . 4 6 . U i . e e i  0 t r a n s f o r m e d  f o r  30 s e c s ,
a t  350 °C ( x 500 ) .
B. Transformation Behaviour under 
Continuous Cooling Conditlone.
a . Lim itations o f  the Equipment.
Despite constant argon pressure, argon 
volume, and nozzle s i z e ,  the cooling curves varied  
from run to  run, and th is  v a r ia t io n  was s u f f ic ie n t  
to cause d iffer en ce s  in  the micro structure a3 can he 
seen from F ig s .  47-43,
These var ia tion s  can he p a r t ia l ly  attributed  
to  reoalesoence phenomena, and p artly  to changes in  
thermal behaviour of the apparatus on successive  runs.
In  addition  the &iInterneter was net 
s u f f i c i e n t l y  s e n s i t iv e  to d if fe r e n t ia te  between:
(a) proeateetold  f e r r i t e  and p e a r l lte  or (h) the 
progress of b a in ite  transform ation. In the former 
ease the reaction  ra tes  for the aid o f  f e r r i t e  formation  
and the s ta r t  o f  p e a r l i te  formation are very sim ilar ,  
and in  the la t t e r  case , the d ilatom eter I s  working at 
lower temperatures, where there i s  a greater in s tr u ­
mental error. I t  appears p a r t icu la r ly  d i f f i c u l t  to  
in terp ret  the e f f e c t s  in  the b a in ite  region , and i t  I s  
a lso  d i f f i c u l t  to  lo ca te  the Mf temperature.
R e p r o d u c i b i l i t y  was o c c a s i o n a l l y  poor even  i n
th e  a u s t e n i t e  r a n g e ( F I g .4 9 ) p a r t i a l l y  due t o  i n e r t i a
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e f f e c t s ,  and chart movements. N evertheless the 
Information obtained i s  of value i f  i n t e l l i g e n t ly  
compared with T.T.T. data.
b. Method of P lo t t in g  Continuous Cooling Diagrams.
The s t e e l s  were subjected to  s ix  d if fe r e n t  
cooling  ra tes  sim ulating various thermal cyc les  en­
countered i n  arc welding. This number of cooling  
curves was not r e a l ly  s u f f ic ie n t  to construct accurate 
transformation diagrams. The s ta r t  o f  p e a r l i te  form- 
atior^as estimated from curves calcu lated  from the TTT 
data, using 3eh eil* s  method and assuming linear cooling  
for s im p lic ity*  The cooling  rates used are l i s t e d  in  
Table X.
The au sten ite  d i la ta t io n  curve was not lin ear  
in  the f i r s t  stages o f  cooling probably due p artly  to  
inhomogeneity, r e su lt in g  from rapid heating and very 
short a u s te n lt ls in g  time and p a rtly  to  the error of  
th e  apparatus. Below 870°C, however, i t  was approx­
im ate ly  lin ear  with temperature in  the absence o f  
transformation.
The method o f  o b t a in in g  th e  tem p era tu re  fo r
t h e  s t a r t  o f  t r a n s fo r m a t io n  i s  i l l u s t r a t e d  i n  f i g . 5 0 .
The p o in t  o f  d i s t i n c t  change i n  t h e  s lo p e  o f  th e
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d i la ta t io n  curve was taken as the s ta r t  o f  transformation  
and could he determined with an aoouraay of -  15°0.
The temperature at which transformation was complied 
oo aid not he determined r/ith the same accuracy. I t  
was very d i f f i c u l t  to determine the end of ba in lte  
formation.
The r e s u lt s  have been p lotted  with super-* 
imposed cooling  curves ( f i g s .  51 -56). In constructing  
these  diagrams i t  was assumed that under coo ling  
conditions leading to s p l i t  transformation products 
(both intermediate and m a r te n s it ia ) , the b a in it io  
tT & m fo tm m tlon proceeds down to the M.% temperature 
(though perhaps with a n e g lig ib le  r a te ) ,  where i t  i s  
followed by martens! t i e  transformation of any res id u a l  
m ustenite.
q. ffffeat o f  Bate o f  Cooling.
ftlth the slow est coo ling  rata ? # s t e e l s  
A, , and $ transformed, c mple t e ly  in  the pear lit®  range, 
&jrecaleaoenoe o f  25° 0 was observed, which indicated
i
rapid transformation*. lib increase in  temperature was 
observed with the other s t e e l s .  A considerable amount 
o f  martens i t  a was present in  the* micro structures of 
s t e e l s  II and J (F ig s .  57-64). S te e l  C behaved s im ila r ly  
to s t e e l  J.
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An increase  in  cooling  rate Crate E) 
considerably depressed the temperature o f  the end o f  
transformation for s t e e l s  A,6 and F. Patches of  
martenolte were found in  the miorostructurea ( F ig s .65-72)• 
Under these cooling conditions s t e e l  3 had a su b s ta n t ia l ly
x
mar ten s!  t i c  structure w ith small amounts of grain
boundary f e r r i t e  and- b&lnlte ( f i g s . 73-74).
A ll  s t e e l s  were com pletely mar tans i t i o  when 
subjected to  cooling  ra tes  AfB» and 0.
from th e  hardness f igures  l i s t e d  in  fab le  I I .
I t  can he seen  that s t e e l  1 transforms fa s te r  than  
S te e l  H. S te e ls  A,3 ,  and f  developed hardnesses 
sim ilar  to  th at o f  s t e e l  1, when subjected to cooling  
rate  3?# which led  to almost m artens!tic  structure in  
S te e l  1 ( f i g .  56 ) .
Only s t e e l  f  was examined m etallographioally  
after, cooling  with rate 2), but i t  can he inferred that 
under these cooling  cauditions s t e e l  A and B w i l l  a lso  
be almost m artens!tio  (F ig s .  75-76).
*
d » ' :" Hate o f  M artem ite Formation.
Assuming lin ear  re la t io n sh ip  between changes 
in  d i la ta t io n  and percentage cf m arten sits , the progress 
of m arten sit lc  transformation was estimated from the  
te a se r a ta r e -d i la ta t io n  curves. the method adopted Is
P o o l in g  B a t e s  o b ta in e d  I n  Rapid P l l a t a t l o n  T e s t s .
i
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TABLB XI .
Hardnesses o f  Bapi& D ila ta tion  Test Specimens.
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x Hardnesses were d if fer e n t  on two opposite s id es of  
the lon g itud in a l se c t io n .
F ig *57•Steel H -  rapid dilatation  t e s t  specimen 
subjected to cooling rate P. ( x 100 ) .
P i g . 5 8 . S t e e l  H -  r a p i d  d i l a t a t i o n  t e s t  spec im en
s u b j e c t e d  t o  c o o l i n g  r a t e  P ( x 500 ) .
Fig.59»fcteel H -  rapia a i l atation te s t  specimen 
subjected to cooling rate F ( x $00 )•
F i g . 6 0 # S t e e l  H -  r a p i d  d i l a t a t i o n  t e s t  sp e c im en
s u b j e c t e d  t o  coo l i& g  r a t e  F ( x 500 ) .
F ig*61 .S t e e l  J -  rapid d i la t a t io n  tea t  specimen 
subjected to  coo lin g  ra te  F ( x 100 ) .
Fig.62*St@ el «J -  rapid d i l a t a t i  on t e s t  specimen 
subjectea  tp coo lin g  r a te  F ( x 500 ) .
<3 -  rapid d i la t a t io n  t e s t  specimen 
subjected to  coo ling  ra te  f  ( x 500 )•
F i g *64 . a t e e l  J  -  r a p i d  d i l a t a t i o n  t e s t  sp ec im en
s u b j e c t e d  t o  c o o l i n g  r a t e  F ( x 500 ) •
F i g .Gj  . S t e e l  B -  r a p id  d i l a t a t i o n  lest,  specimen 
s u b je c te d  to coo l ing  ra te  E ( x 100 )•
F i g . 6 6 . S t e e l  B -  r a p id  d i l a t a t i o n  t e s t  sp e c im en
s u b j e c t e d  t o  c o o l i n g  r a t e  £  ( x 800 ) .
F ig .6?•Sieel B — rapid d ila ta tion  te st  specimen 
subjected to cooling rate E ( x 500 ) .
F i g . 6 8 . S t e e l  i  -  r a p i d  d i l a t a t i o n  t e s t  sp e c im e n
s u b j e c t e d  t o  c o o l i n g  r a t e  E ( x 100 ) .
Fig*69 * S te e l  F -  r a p id  d i l a t a t i o n  t e s t  specimen 
s u b je c te d  to  coo l ing  r a t e  E ( 500 ) .
F i g . 7 0 . S t e e l  A -  r a p i d  d i l a t a t i o n  t e s t  sp e c im en
s u b j e c t e d  t o  c o o l i n g  r a t e  E ( t  100 ) •
F ig .71 .S te e l  A -  rapid d ilfttatioa  te & t  s p e c im e n  
s u b je c t s - d  t o  c o o l i n g  r a t e  1 ( x 500 ) .
F i g . 72 •S te e l  A -  rapid d i la t a t io n  t e s t  specimen 
s u b j e c t e d  to c o o l i n g  r a t e  I  ( x  500 ) •
F i g * 7 3 • S t e e l  c -  r a p i d  d i l a t a t i o n  t e s t  sp e c im e n
s u b j e c t e d  t o  c o o l i n g  r a t e  E ( x 500 ) .
F ig .7 4 .S te e l  C -  rapid d i la ta t io n  t e s t  specimen 
subjected  to  co o lin g  ra te  E ( x 500 ) .
F i g . 7 5 . S t e e l  F -  r a p i d  d i l a t a t i o n  t e s t  sp e c im e n
s u b j e c t e d  t o  c o o l i n g  r a t e  I) ( x 100 ) .
I
grass*
F i g .7 6 .S tee l F -  rapid d i la t a t io n  t e s t  specimen 
subjected to  coo lin g  ra te  D ( x 500 t i
i l lu s t r a te d  in  F i g .77, where the proportion cr Lc-mwsforced 
auatenite i s  in d icated  by the r a t io  BC/AC,
The amount of m artensite formed appears to  
increase l in e a r ly  at a rate of 0.9;! per °G with decreasing  
temperature over the range ( f i g . 78).
Both ca lcu lated  and experiments! Mg temperature 
together with the experimental IT? temperatures are l i s t e d  
in  Table 111.
Q. r e Id a b i l i ty  T e s t s .
Only s te e ls  3,0*2% and J were subjected to 
w eld a b ility  t e s t s .  Theres u i t s  are l i s t e d  in  Tables 1111
and XIV.
a. E ffec t  of Heat.Input .
3With the h ighest heat input (66x10 j o u le s / in . )  
and T.S.1T.4 (hithermal heat flow 5 only s t e e l s  B and ? 
transformed com pletely i n  the intermediate transformation  
range. Small amounts of  mar tens 5. te  were found in  the 
mi or ©structures of the h ea t-a ffec ted  zones o f  1te e I s  G 
and 1, the average peak: hardness- values being corres­
pondingly s l i g h t ly  higher.
when the heat input was lowered, the amount 
of martens! te  present in the mi or o structure increased
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more rap id ly  in  s t e e l s  G and J than in  s t e e l s  B and F. 
Due to patchy transformation the sca tter  of hardness 
values was considerable.
b. E ffect  o f  Pooling Hate .
Ho craoiiing occurred u n t i l  the cooling  rate
0 f)at £00 0 exceeded 7 C /s e c . , and the microstructure was 
almost m a rten s it lc .  In one t e s t  no cracking was found
although the hardness was 650 7 .P.IT. Once the cooling
0rate  at 300 G exceeded 7 C /ssc . cracking was severe.
The transformation was o ften  non-uniform 
and bands of mar ten s!  ts extended quite far from the  
fu sion  l in e  (F ig s .  79-80). Cracks, usua lly  nearly  
p a r a l le l  to  the fusion  l in e ,  exh ib ited  branching which 
followed these  bands (F ig .81).
c .  E ffect  o f  Type o f  E lectrode.
Some t e s t s  were conducted using low hydrogen 
c la s s  6 e lec tro d es . In one se t  o f  t e s t s  rutil©  coated  
c la ss  2 b leotrodes were used; i t  appeared that the  
s u s c e p t ib i l i t y  to  crack formation was s l i g h t ly  higher 
compared with low hydrogen e lec tro d es .
d. E ffect o f  Preheat.
With a heat input 40-41xlO3j o u l e s / i n . f
200°C preheat w&3 s u f f ic ie n t  to  almost completely suppress 
the formation of mart on site  in  a l l  s t e e l s ;  preheating  
not only reduced the cooling rate mar and below the 
preheat temperat are hut a lso  decreased the oooling rate  
through the interm ediate transformation range s u f f i c i e n t ly  
to  allow complete transformation in  th is  range.
P . .]j?nd Qnenoh H ardenability .
Hardenability curves are p lo tted  in  f i g . 82.
The curves for s t e e l s  AtB,0  and F show very small 
d iffer e n c e s ,  s t e e l  0 exh ib it in g  the lowest hardenability .  
S te e ls  H and J have s l i g h t ly  higher hardenability  than 
the othere.
P i g .8 1 .S te e l  J -cracking in  the heat a f fe c te d  sone 
of w e ld a b il ity  t e s t  specimen T.S.H.4 and 
heat input 26900 j o u le s / in .  (x 45 )•
P i g .8 9 .d te e l  B -  heat a ffec ted  sone of w e ld a b il ity  
t e s t  specimen T .B .h .4  and heat input 
47500 j o u le s / in .  ( x 300 ) .
P i g .79*S te e l  J -  heat a ffe c te d  sone o f ,w e ld a b il ity  
t e s t  specimen X.S.JI.6 and heat input 
31000 j o u le s / in .  ( x 45 )•
P i g .8 0 .S te e l  J -  heat a f fe c te d  zone of w e ld a b il ity
t e s t  specimen T .S .h .6  and heat input 
3100 j o u le s / in .  ( x 300 ) .
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TABUS XIII 
W eldability Test R esu lts .  fT .S .R .4 ) .
H<3<3-Pr/j
Arc
energy
( jo u le s / in )
.
Approx. Cooling 
rate at 200°0 
( °0 /seo )
Average 
peak hardness 
in  II.A.2. 
V.P.K.
Hard Sons 
cracking 
($ V .leg  
length)
66,700 1.5 319 n i l
47,500 2.5 240 n i l
B
xB8,000 8.0 604 15
27,200 8.0 627 n i l
66,200 1.5 348 4 n i l
47,000 2.5 420 n i l
C
K 26,000 8.0 634 43
26,200 8.0 610 n i l
68,900 1.5 328 n i l
48,900 2.5 394 n i l
F x24,500 8.5 690 78
26,100 8 .o 698 n i l
66,600 1.5 370 n i l
49,400 2.5 476 n i l
J x 2 4 ,800 8,5 724 87
26,900 8.0
•
743 |
!
23
x R u tile  coated c la s s  2 e lectrod e .
Test assembly i n i t i a l l y  at room temperature. 
Low hydrogen c la ss  6 e lec tro d es .
7 3 .
TABLE XIV. 
W eldability  l e s t  B e su it3 (T.S.M.6)
w©(D43ro. '
Aro
■energy 
( jo a le s / in )
Approx coo ling  
rate  at 300 C 
( °C /sec .)
Average 
Peak Hardness 
in  H.A.Z.
. .....V.P.H..............
Hard-zone 
Cracking 
{ f  V .leg  
length)
x 40,100 1 325 n i l
. 40,100 7 542 n i l
B
27,800 14 698 95
32,200 11 681 87
X 40,000 1 351 n i l
42,600 7 547 n i l
C 28,300 14 649 100
30,800 11 672 100
x 40,700 1 342 n i l
39,500 7 587 n i l
?
27,100 14 724 S p li t
31,100 11 716 S p lit
x 41,200 1 383 n i l
42,600 7 653 n i l
J 27,200 14 724 s p l i t
31,100 11
i .................,..... ......
724 s p l i t
x  Test assembly preheated to  200°0
Test assembly i n i t i a l l y  at room temperature, low hydrogen 
Class 6 e le c tro d e s .
OHAFTSR VI
DISCU33I01 OF BaSULTS«
A. Transformation Behaviour under Isothermal 
and cF^Inuootj Coo II ng CondIti on5.
The isotherm al transformation diagrams are 
compared in  F ig .83, and the continuous cooling  trans­
formation diagrams In F ig s .  84-85. I t  can be seen  
that the d ifferen ces  under both isotherm al and contin­
uous cooling conditions are appreciable.
1. The E ffect of Coiaposltion.
«■     u u n rmm - w » r,i .i  « » .     ■ m w i «
*
The s t e e l s  in v est ig a ted  can be divided in to  three 
groups:-
a) High carbon and low manganese,
b) low carbon and high manganese,
c ) high carbon and high manganese.
The incubation periods and reaction  times 
in  the p a a r l i te  range Increase most rap id ly  for s t e e l s  
H and J, which are examples of group ( c ) ,  le s s  rap id ly  
for s t e e l  C representing group (b ) ,  and le a s t  for  
s t e e l s  of group {a) to which s t e e l s  B and F belong. 
After 24 hrs. at 690°0 s t e e l s  S and F have completely  
transformed while H and J showed only 50J& and s t e e l  0
about 70jC transformation.
The d ifferen ces  in  incubation periods and 
react ion  times decrease with decrease of temperature 
and disappear below 525°C for s t e e l s  o f  group (a) and 
(b ) ,  but the temperatures for s t e e l s  B and f  are
T O  '
lower due to the higher carbon content. S te e ls  H 
and J have the longest incubation periods and the lowest 
ra te s  of  transformation over the whole temperature
range 690^0 to  M„.S
The Incubation periods and react ion  times 
are sh o rtest  at about 525 -  550°C. The time
necessary for completion of the reaction , at these  
temperatures, for s t e e l s  H and J i s  about 7 s e c s . ,  
appreciably longer, compared with the other s t e e l s .
Below 45G°C the incubation periods and reaction  times 
increase rap id ly  with decrease of temperature.
Because the rate of pear l i t e  formation was 
smaller for s t e e l s  of group (b) and ( c ) ,  slower 
coo ling  ra te s  were necessary to  avoid the formation  
o f  martensIte under continuous cooling conditions.
The f a s te r  rate of p e s r l i t i c  transformation of s t e e l s  
B and ]? was manifested by reoalescenoe when the time 
to  cool from 870°to 300°C was 60 s e c s ,  and 40 secs;  
the corresponding d i la ta t io n  curves exhibited  only  
Intermediate transformation. S te e l  A, with s l i g h t ly
more s lu gg ish  p e a r l i t la  transformation, exhibited
reoalescence only when subjected to the slow est g o o l i n g
rate ( tirae to cool 870°- 300°= 60 s e c 3 . ) ,  Ho
reoalescence ooourred in  the other s t e e l s .  When the
coo ling  was s l i g h t ly  reduced so that the time to  cool
from 870°to 30Q°C was only 34 s e c s . ,  no reoalescence
ocoured and the d i la ta t io n  curve exhib ited  intermediate
and m artens!tic  transformation. The d i la ta t io n  curves
are shown in  F ig . 86 and the micro structure in  F igs 68-69.
The in fluence of a l ig h t  var ia tion s  in  coo ling
ra tes  as shown in  F ig .87. when the time to cool from
o o870 to 300 of 83.3 s e c s . ,  was reduced to  17 s e c s . ,  the  
specimen had almost completely mar tens i t  ic  structure  
(P ig s .  75-76} and no in d ica t io n  of intermediate tran s­
formation in  the d i la t a t io n  curve.
The d i la ta t io n  curves for s t e e ls  F and H, 
obtained under vaistly d if fe r e n t  cooling cond itions, are 
compared in  F ig .88. Though the time to  cool from 
870°to 300 °C was nearly tvso times longer than for s t e e l  
F, the d i la t io n  curves are very s im ila r . The micro- 
structure (Figs 57-60 and 68-69) in d ica te  even larger 
amounts o f  mar ten s!  to in  s t e e l  K.
The cooling r a te s ,  expressed in  terms of time 
to cool from 870°to 50G°G, which are necessary for  the
transformation to be completed in  the p e a r l i te  range K ,
P
and for f u l l  hardening K , are l i s t e d  in  Table XY .
I t  appear a from the continuous cooling  
transformation data that th e  b a in i t ic  rea c t io n  comes 
to  an end before reaching the temperature. This 
would r e su lt  in  a gap between the end o f  intermediate  
and s ta r t  o f  m artens!tic  transformation. The 
f la t te n in g  o f  the d i la ta t io n  curve at lower temperatures 
in  the b a in ite  range may be only apparent due to the 
very slow rate  o f  rea ct io n  and not adequate s e n s i t i v i t y  
of the d iiatom eter used.
Table XV.
Cooling Bates for Completely T e a r l l t lo  Transformation 
and f f o H a r l i S t n g I ~
S te e l Tims to oool from 870°to S00°C Equivalent K 
weld cooling  
rate at 300°C
°C /se c .
Completely p e a r l i te  
tr  ansformati on 
ICp s e c s .
Full hardening 
se c s .
A 60 16 2.5 -  S
ft A
t/w 14-15 3
0 70 18 2 -  2.5
ff 50 15 3
H 90 SO 1 -  1 .5
J 1 80 28 1 -  1.5
x Weld cooling  rate to  avoid the formation o f  martensfce.
£ . E f fe c t  of Segregation and In clu s ion s .
mu r  i i ti «i ii — i if un it r  i ^ n f T r r  |-Trr~^i—rt ~ t ~— > *. , LM> - OTn> «.< » « » m w iiw »«w r .—■■ i
The sulphur points showed an ©van d is tr ib u t io n  
. of sulphide??. Although no banding was observed in  the  
m  received condition , th is  was pronounced in  the  
p a r t ia l ly  transformed specimens, the transformation  
progressing in  patches. Intermediate transformation  
started  p r e fe r e n t ia l ly  at in te r fa c e s  of austanito and 
in c lu s io n s .  ^uantldative estim ation  o f  the mount of 
a u e te s ite  transformed was d i f f ic u l t*
This banding may increase the tendency to  
hard sons cracking: and must be taken in to  consideration  
in  hardenability  t e s t s  using the end-qucnoh technique.
B^Ooinparlson of Teothermal and Continuous Cooling •
n m w ijMO1 Iiiiiimr» . iiji ■»<«»» , | - r  -n m r" ritn iiw i » i  im m  r<n. ■ i « i n  ...............- ^
\ira n inoemtlon  Pl&^rams.
■ww . ■ » n^ .  an ■•.»», i*. ■ 10 J I >*«i. JIM- «.>w.  ■*•-• - - -  — ^  .^ -n--
The d ifferen cee  in  the incubaticn  periods for  
the proeutectoid f e r r i t e  were very sm all, thus only small 
d ifferen ces  could be expected in  tha s ta r t  l in e s  under 
continuous cooling  eonuitiom?• Ifo d lf fe r e n c ss  were 
expected betw een 'stee ls  of group (a)  and fb) and only  
small d ifferen ces  between those anti group ( c ) .  Only 
vary small amounts o f  f e r r i t e  were present when the 
specimens ware subjected to  tha slow est cooling rate  
{rate F), and tha i n i t i a t i o n  of transformation was
Ye ffec t iv e ly  indicated by the start o f  the pear 15 in r ■ ■ ^ io n .  
As the d iffe r en c e s  i n  are more marked, l o w e r  temperatures 
for the start of reaction  under continuous cooling conditions 
were to ho expected for s t e e l s  0*!I ari J compared to s t e a ls  
B and f .  This waa. confirmed by the continuous cooling  
experiments. The cooling r a te s  to avoid mar ten s i t e  
formation were expected to be slower for s t e e l s  C, II and J 
and th is  i s  r e f le c te d  in  the displacement o f  the .in te r ­
mediate t  r a ss f  orma t l o n l in es  in  the continuous cooling  
transformation diagrums to longer times.
Qualitatively the agreement between isothermal 
and continuous cooling transformation diagrams could be 
considered good. The calculated continuous cooling 
transformation start l in e s ,  however, indicated  considerable 
d iffersn o es  the expected c r it ic a l  cooling rates for f u l l  
hardening being mmh higher in comparison with those deter­
mined experim entally . This can be explained by reference 
to the very d if fe r e n t  ausb&niticing conditions used In the 
isothermal and continuous cooling tea ts .  The high peak 
temperatures used in  the continuous cooling experiments 
lead to a much coarser auatenite and the differences 
between calcu lated  and experimentally determined diagrams 
can be mostly attributed to th i s  coarse grained structure 
which in creases  the hardenability.
0. Comp nr 1 son o f  Sapid T.i la tat 1 on and Ae l i a b i l i t y  Test &
Table summarises some of the m icrostructures
and h&rdmgs valuer of t fm  rapid d i la ta t io n  t e s t  specimens
and the heat a ffe c ted  gone of the t e s t  welds.
The m icrostm atures of  the- heat a ffected  gone o f  
s t e e l  B (Tig 89) and s t e e l  J  (F igs. 90-91) subjected to 
thermal conditions given by T.3.':J.4 and o heat input 47500 
j o u le s / in .  are s tr ik in g ly  sim ilar to  those obtained in  the 
rapid d i la ta t io n  te a t  subjected to cooling  ra te  S3 ( f i g s . 65-69}, 
S te e l  J subjected to lea s  severe thermal conditions (T .S .11.4 
and beat input 66600 jo u le e /in )  geve sim ilar m icrcotrseture  
to  the specimens eubjiactcd to cooling rate F In the rapid  
d i la ta t io n  t e s t  ( Figa. 61-6£)•
tilth T .3 .U .6  and & heat input 40100 joule?*/in s t e e l  
B e x h ib it# !  microstructure (Tigs 9&-90) sim ilar to  that formed 
in  s t e e l   ^ (F ig s . 96-3SI under la s s  severe cooling conditions  
(T.S.K.4 and heat input 49400 jo u le s / in )  Under welding 
conditions s im ilar  to those used for s t e e l  B (T.S.U.6 and 
heat input 42600 jo u le s / in )  the m icrostructure of s t e a l  J 
was almost completely luartansitlc  ( T igs. 3S -3 7 ) .  Under 
these  conditions s t e e l  C. showed a mi ore structare sim ilar to  
that o f  s t e e l  2 ( only a s l i g h t ly  larger amount of In ter­
mediate trar.sformatlcn product compared to s t e e l  J ) .
The cooling ra tes  In the rapid d ilat& tion  t e s t s  
c lo s e ly  approached those obtained in  the C .f .S .w e ld a b il ity  
t e s t s .  The small d ifferen ces  in  miprostructure end hardness 
co aid bo account e l  for by the fa c t  that the micro strap lure
can exhibit different quantities of mar tens! te with only
very a lig h t  d iffarenoea in  coo ling  rate . Thus tha
microatr uotur# and bar dm a a of tha heat affected gone of
a weld can be predicted from continuous cooling transform
at! on diagrams provided tha cooling curves for welda of
various joint geometries and heat inputs are known.
oThe e ffec t  of a E00 0 preheat, with thermal 
severity T .5 .U .6  and hast input 40-42 x 10^j o u l e s / i n . i s 
shown by comparing tha microstructures r ig s .99-100 with 
f i g s . 96-97. The formation o f  martens*! t  a in  s tee ls  c and
J 13 almost completely prevented.
The preheat reduced the cooling rata through the 
in te rm ed ia te  t r a n s fo rm a t io n  temperature range s u f f l s l a n t  1. 
to allom tha reaction  to go to complet! on. in  th ia  rungs.
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• S t e e l  F -  he$|!T a f f e c t e d  zo n e  o f  w e l d a b i l i t y
t e s t  sp e c im en  T .S .K .4  and h e a t  in p u t
4 8900  j o u l e s / i n . ( x 300 ) .
P ig *90.S t e e l  B -  heat a f fe c te d  zone o f  w e ld a b ility  
t e s t  specimen T.3.&.4 and heat input 
48900 j o u le s / in .  ( x 100 )*
f ig * 9 2 .S t e e l  B — heat a f fe c te d  zone o f  w e ld a b il ity  
t e s t  specimen T.S.If.6 and heat input 
40100 j o u l e s / i n .  ( x 100 )•
B i g * 9 3 • S t e e l  B -  h e a t  a f f e c t e d  so n e  o f  w e l d a b i l i t y
t e s t  sp e c im en  and h e a t  in p u t
4 0 1 0 0  j o u l e s / i n .  ( x 500 ) .
F ig*94*Steel J -  heat affected zone o f  weldability  
t e s t  specimen T.S*B.4 and heat input 
49400 jo u les /in , ( x 100 ) .
P i g * 9 5 . S t e e l  J  -  h e a t  a f f e c t e d  zone  o f  w e l d a b i l i t y
t e s t  spec im en  3*.8«K*4 and h e a t  i n p u t
49400 j o u l e s / i n .  ( x  500 ) •
F ig .9 6 .Steel J -  heat affected zone of weldability  
te s t  specimen I.S .N .6 and heat input 
426Qu jo u le s / in .  ( x 100 ) .
F i g *97*S t e e l  J  ~ h e a t  a f f e c t e d  zone  o f  w e l d a b i l i t y
t e s t  specim en  T .S .K .6  and h e a t  i n p u t
42600 j o u l e s / i n .  ( x 500 ) .
Flg«98«Steel C*—heat affected zone of weldability  
teat specimen T.d.d.6 and heat input 
426G0 jo alee/in* ( x 500 )„
F ig * 9 9 * S te e l  0 -  h e a t  a f f e c t e d  zone o f  w e l d a b i l i t y
t e s t  sp e c im en  f . G . h . o  anu h e a t  i n p u t
4 0 1 0 0 / j o u l e s / i n .  w i th  200 p re h e a t (x 3 0 Q )
i g » 100*S te e l  J -  h e a t  a f f e c t e d  zone of w e l d a b i l i t y  
te s t  specimen T.8.K.6 and heat input 
41200 jo u le s / in .  with 200 °0 preheat(x^OO)*
s io in f ie j ifG s o? m m m s .
The weldability of s tee ls ,  expressed in terms of 
the Xi ab ility  to a m  ok formation in  tha hardened zo oe ad­
jacent to the weld, under given set of conditions, decreases 
with increase in  hardness of the heat affected zone. A 
quantitative relationship is,how ever.d ifficu lt to establish, 
especia lly  i f  conditions ere varied over a wide range.
A. The Use of the Average Beah Har&neea
Iff nm < -I *   mu in p w u w u m im iw w n.«w m ihMit»*™ nwi**wH »n » w i i (W>nni» i4iiVi m -iw ^ w ia i  — u i u M. i » » m >w n w iw >».
of the Beat-affacted zone as a criterion of f e ld a t i l l t ff.
Table l.¥U summarises the average peak hardnesses 
in the heat-affected zone of welds exhibiting cracking.
I t  can be seen, that there i s  no single value of 
average peak hardness which when exceeded causes cracking.
The safe upper lim it of average peak hardness i s  not of 
universal application and can only he considered in  relation  
to the type of s te e l ,  the welding technique, type of electrode 
&nd the i n i t i a l  temperature of the plates to be welded.
The "carbon equivalent" proposed by Deardan and 
0 *Neil was derived from weldability taste using the modified 
Heave Test and high hydrogen electrodes with the plates at 
room temperature. There i s ,  however, no obvious linear
re la t io n sh ip  between in c re a s e  in  the amount of any a l lo y in g  
eloiaent and a oorresponding s e v e r i t y  o f  hard gone cracking* 
Ball and C o t t r e l l " '^have found that c e r t a i n  combinations of
Ch)O0tvi jo*fa
manganese, and n ic k e l  are  p re fe r  able to  others*
Eang&nsse increases  t h e  s u s c e p t ib i l i t y  to  hard-tone crackingi c» !> J iOlJJyL
©s£ most^the alloying elements,whose Influence have been 
stud ied . Comparison c f  s t e e l s  ? and 33 **1 i l l u s t r a t e s  the  
point. Both have the same carbon equivalent (c.eq s 0*48)yet 
s t e e l  33 having high manganese content hardana more and 
exh ib ited  cracking with the large f i l l e t  ( 0 .31n. lag lengths')
Wot a g iven  composition, the harde?iability i s  also influenced  
by th e  manufacturing process and e s p e c ia l ly  by the deoxid ising  
practice*" * the e f fec t  of trace elements must be a lso  taken  
Into consideration  In computing hardenablllty .
A given hardness, when obtained under d ifferent cooil' 
conditions, w il l  be associated with different mi orostructurea, 
depending on composition (especia lly  carbon content) and the 
transformation characteristlos of the steel* Cracking i s  
very sen sitive  to the mi orostrnaturea, especia lly  in the 
presence o f  ty d ro g en *
A safe upper lim it c f  350 Y .P .U .  may correspond to 
a fu lly  martens i t i s  structure as in  the case of the low carbon 
B -llo s te e l ,  or to a mixture of intermediate transformation 
products with varying amounts of mar tens!te depending on the 
carbon content. Steel J in  the present investigation  gave a
hardness of 350 Y.P.IT. when subjected to re la tive ly  slow 
cooling rate, exhibiting only about 10- msrtensite the 
balance oonstting of pearlite and bainite .
The present reaalts substantiate the wort of
„ 5g 114Cottrell and bradstreat showing that safe upper lim it
of average peak hardness in  the heat affected zone of a
weld can be raised using low hydrogen and ausfenitio
electrodes and that the lim it Is raised for higher carbon
ste a ls .  !<o cracking occurai In the medlua manganese r a i l
s te e l  with a hardness of 650 Y.T.I. using a low hydrogen
electrode. This hardness was, however, obtained under
le s s  severe conditions than those used by Dearden and
O’ Tell.
f;lth suitable preheating, no cracking occurs with 
completely martenaitia structures of hardness levels  ^
>500 WP.H.Csqs Table lYII J. This compares with the work 
of Cottrell and Brads treat that the hardness level necessary 
for elimination of cracking in  a &.&-&0 s tee l  i s  dependent 
of the i n i t i a l  temperature of the plate.' The authors 
found that with -50°C preoool, cracking occurred with the 
low hardness of 314 Y.T.fT, Cold cracking of the weld 
metal from high hydrogen electrodes, occurred with a hard* 
ness of 239*264 I t  can be oorwJIided that though
higher hardness leve ls  can he tolerated in  higher carbon 
and/or high alloy s tea ls ,  lower cooling rates are necessary
to avoid crack formation, thus i?urre&s# in oar bon content 
decreases the weld&biiity. Though no cracking may occur 
during fabrication, high ear‘bon alloys are undesirable for 
service performance of the welded structure i f  no softening  
best treatment can be carried out.
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B. The F f f e a t  o f  C o o l in g  Rape on ^eld  a b i l i t y.
The cooling rate of a welded Joint i s  a ffected  by 
■many v a r ia b le s .  ?or a given p la te  thickness or Joint 
geometry, increase In heat input decreases the cooling  
rute both at higher and lower temperatures. A low 
temperature preheat only a l ig h t ly  aft ea ts  the cooling  
rate  at  high temperature f700°-500°C ) bat markedly a f fe c t s  
the cooling  rate  a t  an below the preheat temperature* 
Preheating i s  however not s u f f ic ie n t  to prevent martens!te 
formation In deep hardening s t e e l s  although I t  i s  e f f e c t iv e  
in  preventing hard acne cracking {Table .WHO. In shallow  
hardening s t e e l s ,  the s l ig h t  decrease in  the high 
temperature range may be s u f f ic ie n t  to elim inate the 
formation of m artensile , e s p e c ia l ly  when preheating not 
much below the K_ temperature, & nee the time to cool
*5
through the b a in i t ic  range i s  increased by preheating.
This i s  p a r t icu la r ly  Important for s t e e l s  whose rate of  
transform ation in  the b a in ite  range decreases abruptly  
with decrease in  temperature. A 200° C preheat in  the 
T.S.U. we l i a b i l i t y  t e s t  was s u f f ic ie n t  to  almost completely  
prevent the formation o f  martens I t  e In the medium 
manganese r a i l  s t e e l s .
The cooling rate  of the weld decreases as i t  cools  
to lower temperatures. For a given  heat input th is  decrease
w i l l  "bo more pronounced the thinner the p la te  and the  
lower the nmiher of sv a ila h le  paths for hast flow.
*i ‘ ... r r XVIII
Kffaet of Pre-Keating on Cracking of III gh Alloy S te e ls .
Type
Test
i f  1
G4P
■IP®
Mfl
f
o f  S1 
Or4«:•*
bee I 
llo
Type of 
Electrode
Preheat
0
C
flarumss 
V.  i? •  11. 
/ 1 0 .
Cracking j
Eigid 0.46 1.0 1.0 - Austa t i t l e m i 613 Or ao .ka.
B utt-
weld
0.46 1.0 1.0 - i f ICO -
150 609 B ii
JL »t
#3
P la te
0.44
0
0 .44 •-
1.5
1.5
0 .5
0 .5
>1
f*
m i
100 -  
j » t ) C
670
673
Cracks. 
m i
Kigid  
F i i l e t
0 .16 • 5 .0 0 .5 P err it io Oil 425 Severe 
Cracks .
'% e ld 0 .16 - 5.0 0.5 VI 150 425 S ligh t  
Cracks.
l np lat 3 O .iii - 5 • 0 0.5 n 2C0 - Hi 1
A c r i t i c a l  cooling  ra te  at 300 °C has "been advanced
as c r ite r io n  of w ellability*^®  However, for a given  s t e e l
and type o f  e lectrod e  th is  c r i t i c a l  coo ling  ra te  also
depends on the i n i t i a l  temperature of the p la te  and i s
137gen era lly  raised  by prebeat and loner e l  by preeool
(Table XIX X- ). Under s im ilar  welding conditions but 
d if fe r e n t  thermal se v er ity  {p la te  th ickness) preheating  
may not a f fe c t  the coo ling  rate  at 200°0 but reduces the 
cooling  rate at and m ar the preheat temperature and 
prevents cracking (Bee Table XV-K Though good co rre la tio n  
has been found between th is  cooling  ra te  and -severity  of 
cracking the concept cannot be applied u n iv e rsa l ly .
oDelayed- coo ling  does not a lter  the coo ling  rate at 200 Q
.61and yet  i s  vary e f f e c t iv e  in  e lim inatin g  hard zona ©racking. 
T hem  r e s u l t s  suggest that time o f  cooling through a certa in  
low tamper at ore i s  an important factor in  the i n i t i a t i o n  
o f  hard-go no cracking.
Fox* a g iven  heat Input and jo in t  geometry the 
cooling  rat© at 300°0 may vary for d iffe r e n t  s t e e l s  depending 
on th e ir  transformation ch aracter la tioa . The medium
manganese r a i l  s t e e l s  having an Ma of about 300°C w i l l  have 
smaller cooling  rate  at th is  temperature tine to  heat being 
evolved through martens!to formation. in creasing  the 
cooling  rate  above that necessary for 100p mar ten s! t i c  
transformation caused sever© cracking In the medium manganese
r a i l  s t e e l s ,  and i t  i s  the low temperature cooling  rate  
which i s  mostly influenced-lay t h i s  in crease .
TABI3 XI X
E ffec t  of I n i t i a l  P la te  Temperature on the C r it ic a l  
Cooling Hate at 300°G for  a Mn-Mo S te e l
P late  Temperature 
0^
C r it ic a l  Cooling Hate 
at 3C0°C °C / s e c s .
-50 5 .8 _ h aij •
20 4 .8 -■ 6.5
100 IE -  21
TABLE XX.
Cooling  Rates for Ifornal and Preheated Helds.
I n i t i a l
P latg
Arc
Energy
T.3.N .
Of
Oooling rate b at
Temp 0 iC^xJ/ln T est.
400° C 300^0 200° 0 150 °C 100 °0
20 26.0 6 50 12 6.0 1 .4 0 .33
100 £6.0 10 30 12 5.8 0.31 -
0. The H alation o f  Bnd o f  Tr a rm f  or mat 1 r. n  Temper at or e
t o v.iTdaal'illyT
The present r e s u l t s  are In agreement w ith those of
1X^1: "> ••■
Brails trea t  i  M i oat lag  that C o ttr e l l* sA>'' suggested
' co rre la tion  between se v e r ity  of cracking an4 "Bud o f
transformation temperature** cannot be applied to the higher
oarbon s t e e l s .  fhe end of transformation tempo ratare
dropped abruptly with very email va r ia tio n s  i n  cooling
r a te ,  whenever small amounts of martens! te  were formed.
Craciting occurred with almost completely m&rtensltle
stru ctu res  end end o f  tr  ans format ion  temperature near
room .temperature. Belayed coo lin g  f r o m  150°0 which
waa below the Mg» temperature o f  tb* ti-Cr-UG stee l*
in v est ig a ted  by Kol3£$®ort^ has not a ffected  the end of
transformation temperature y et  has prevented cracking.
( See Table XHl. The cooling rate through £50°C to  100°C
seems to  be the con tro ll in g  factor in  the i n i t i a t i o n  o f
h ar d~20 ne or &ek 1 rig.
B. The Presence of Martenalte a Criterion. of
^ ■1 »ra T w f<m w  <—■»"! im
The volume changes accompanying the transformation  
o f  au sten ite  are le a s t  a t  the nose of  the  TIT curve, in ­
crease in the bainit© and are highest when aa ate nit© 
transforms to mart©mite {see Table IX, Chapter I f .)
E ffect  o f  Hate of Cooling through 250°C ~100°C on 
Cracking in  the Heat-Affected £one.
S te e l:  C -  0 .3 5 , II -  3 .6 ,  Cr -  0 .95 , Mo -  0 .5 4 .
R igid Butt-Weld, P late  4" x 3 n x §".
High T ensile  Electrode*
D escrip tion Hardness
V.P.ff./lO
Hat© of  
Cooling
0
C /min.
Cracking.
As welded 499 75 Cracked
0
Preheated 250 0 515 4.3 Ho Cracks
Preheated 200°C 508 . 5 .0 Ho Cracks
Preheated 150°C 506 8.3 S lig h t  Cracks.
Delayed coo ling 514 4 .4 Ho Cracks
95 .
High s tr e s s e s  are s e t  up during these volume changes, the 
l e v e l  of the s t r e s s  being determined by the e l a s t i c  l im it  
at the temperature concerned. The volume changes are small 
at higher temperatures; the e l a s t i c  l im it  i s  low and s tr e s se s  
are e a s i ly  accomodated by p la s t ic  deformation. In the 
b a in lte  range there are larger volume changes and since the  
temperature i s  lower the accomodation of s t r e s s e s ’i s  made more 
d i f f i c u l t .  - During the formation of m artensite which occurs 
abruptly arid sit low temperatures there i s  l e a s t  opportunity  
for accomodation of the transformation s t r e s s e s .
The presence of hard zone cracking has usually  been 
associated  with th e  presence of martens! t e .  This does not, 
however, seem to  bo a necessary condition  for the I n i t ia t io n  
of hard zone cracking. preheating or delayed cooling  
elim inated  cracking in  a completely m&rtensitic heat a ffec ted  
zone (Tables m i l  and XXf)) .  In addition  the present work 
gave crack free welds in  almost t o t a l l y  m artansltio  structures  
even in  the*of fo rehea t . The m icro -s tresses  caused by the 
volume changes occuring during the formation o f  martons!te 
must therefore be a ltered  by preheat or delayed coo lin g .
With preheat or delayed coo ling  the temperature gradient 
disappears at the preheat temperature• Further cooling  
occurs uniformly and no thermal s tr e sse s  ©rise which would 
otherwise be superimposed on the m ierostresaes. The trans­
formation to  mar t e a s i t e  proceeds more uniformly with slower
coo lin g  r a te s .  There i s  more time for the m icro -stresses  
to  'm accomodated and the .resulting s t r e s s  pattern i s  more 
homogeneous. Uniform coo ling  and absence o f  t  her mat s t r e s s e s  
reduces the b r i t t l e n e s s  of m arteasite . Probably some s t r e s s
r e l i e f  a lso  occurs due to  s l i g h t  tempering. M artensltes of  
higher carbon content which form at lower temperatures are 
more sev ere ly  s tre ssed  than low carbon marte©sites forming 
at higher temperatures. The e f f e c t  of s ta b i l isa t io n ,  at 
d if fe r e n t  coolix-g ra tes  i s  a factor .
karteHaiti© stru ctures are very su scep tib le  to 
hydrogen embrittlement. Slow cooling  through the temperatar® 
range o f  martens! te  formation allow© more hydrogen to d iffu se  
out and therefore reduces embrittlem ent.
CONCLUSIONS
In any welding operation  th e  s t e e l  to  be welded i s  
n e c e s s a r i ly  heated to  very h igh  temperatures and then  
fo llow ed  by rapid coo ling .A s a consequence o f  such 
thermal c y c le s  the s t e e l  undergoes m eta llu rg ic a l  changes 
which a f fe c t  the  mechanical properties*In  general the  
d u c t i l i t y  o f  the s t e e l  i s  reduced and the t r a n s it io n  
temperature r a is e d . ih e e e  m eta llu rg ic a l  changes in  turn  
depend on the transform ation c h a r a c t e r i s ic s •
Small v a r ia t io n s  in  composition cause appreciable  
d if f e r e n c e s  in  transform ation behasftour,particu larly  in  
th e  p e a r l i t e  range.These are more pronounced in  the 
continuous co o l in g  transform ation  diagrams where the high  
peah temperature causes grain  coarsening and in creases  
hard s u a b i l i t y  .The c r i t i c a l  co o lin g  ra te s  derived fro-* 
th e  ca lcu la ted  continuous coo lin g  transform ation diagrams 
are h igher than those obtained from rapid d i la t a t io n  
t e s t s  s im u lating  arc welding c o n d it io n s .
fo r  a given  s e v e r ity  of quench measured by 
means o f  time to  coo l from 870° -  300 °C the shape of  
th e  co o l in g  curves show considerable  d if fe r e n c e s  e s p e c ia l ly  
with slower co o lin g  rates*A d e f in i t e  heating  o f  the  
specimen la  observed fo r  lower manganese s t e e l s  tr a n s fo r ­
ming f a s t e r  in  the p e a r l i t e  range.The time to  cool through
the p e a r l i t e  formation range in crea ses  with consequent 
decrease in  the amount o f  m arten site  in  the m icrostructure . 
This a llow s more chance of escape f o r  hydrogen comming 
out o f  so lu t io n  during transform ation.Because th e  rate  
o f  b a in ite  formation d ecreases rapid ly  with decrease of  
temperature any a u s te n ite  that has not transformed in  
the p e a r l i t e  and upper b a in ite  range w i l l  transform to  
m arionette with a steep  drop in  the end o f  transformation  
tem perature.
The d i la t a t io n  curves f l a t t e n  at temperatures 
ju s t  above the Ms and i t  seems l i k e l y  th a t  the  b a in ite  
transform ation  e i th e r  s top s before the Ms or proceeds 
very s low ly  and i s  very d i f f i c u l t  to  be detected .T hese  
a l t e r n a t iv e s  can only be separated by using a more re fin ed  
technique with in terrupted  co o lin g  and u t i l i s a t i o n  of  
an e le c tr o n  microscope.
The r e s u l t s  in d ic a te  the l im ita t io n s  of both
the isotherm al and continuous coo lin g  transform ation
diagram s.Q uantitative information from such diagrams can
be obtained only when a c tu a l co o lin g  con d ition s  approach
c lo s e ly  those obtained during the experiments fo r  the
determ ination of the  diagrams and only fo r  the s t e e l  fo r
which they have been es tab lish ed .O th er  c a s ts  of the same
s te e l» w ith  only sm all v a r ia t io n s  in  com position may vary 
appreciably in  t h e ir  tansform ation c h a r a c te r is t ic s .
99
Probably appreciable d if fe r e n c e s  w i l l  be found fo r  s t e e l s  
of s im ila r  com position but made by d i f f e r e n t  p rocesses  
and d i f f e r e n t  deox idation  procedures*
fh© m icrostructures and hardnesses of the heat 
a ffe c te d  son© adjacent to  the weld and o f  the rapid  
d i la t a t io n  t e s t s  under s im ila r  heating  and coo ling  
co n d it io n s  were s im i la r , in d ic a t in g  that the arc welding  
thermal c y c le s  o f  the C.T.S. t e s t  were duplicated  c lo s e ly  
enough in  the rapid d i la t a t io n  t e s t s .T h i s  technique, 
t h e r e f o r e , seems to  be adequate fo r  in v e s t ig a t in g  the  
response of the s t e e l s  to  hardening under arc welding  
conditions.H ow ever, the r e s u l t s  in d ic a te  that the continuous 
co o lin g  transform ation diagrams determined for one s t e e l  
cannot be applied  g en era lly  to  a l l  s t e e l s  o f  the  same 
sp ec if ica t io n .T h o u g h  under ce r ta in  welding con d ition s  
m arten site  formation i s  normally prevented some ^ a r te n s ite  
w i l l  occur under th e  same con d itions  in  s t e e l s  with
(
a manganese content approaching the upper l im it  of the 
s p e c i f i c a t io n .
The standard Jominy end quench h ard su ab ility  
t e s t  does not reproduce the response of the s t e e l  to  
hardening under arc welding co n d it io n s .
The presence of m artensite  i s  n e ith er  a necessary  
nor a s u f f i c i e n t  cond ition  fo r  the i n i t i a t i o n  of hard-zone 1
cracking in  the h e a t -a f fe c te d  zone of a weld.An average 
peak hardness of up to  650 V.P.H. can he to le r a te d  in  
heat a f fe c te d  zone of welds made on th ese  s t e e l s  w ith  
low hydrogen e lec tro d es ,w ith o u t  the occurrence of hard 
zone crack ing .T his i s  much h igher than that quoted by 
previous in v e s t ig a to r s .T h is  h igh hardness is ,how ever to  
be avoided because cracking may occur in  th e  b r i t t l e  
m artensite  during serv ice .A  lo c a l  hardness not exceeding  
350 V.P.K. has been s p e c i f ie d  by B r it is h  Railways.
High heat in pu ts  reduce the hardness developed  
in th e  heat a f fe c te d  zone but preheat i s  p refera b le .
200 °C p reh ea t,under thermal con d ition s occuring in  the
C .T .S . w e ld a b il i ty  t e s t , i s  s u f f i c i e n t  to  e lim inate  the  
formation o f  m arten site  in  s t e e l s  with lower manganese.
S te e ls  w ith  h igher manganese content w i l l  require even 
a h igher preheat to  avoid com pletely the formation of  
m a rten site .
The present r e s u l t s  do not su b s ta n tia te  the  
c r i t e r io n  of a c r i t i c a l  end of transform ation temperature 
which drops abruptly when sm all amounts of m artensite  
are p resen t.
From the few experimental data i t  appears 
th at the s u s c e p t ib i l i t y  to  hard zone bracking in crea ses
. - i
w ith  the p o te n t ia l  hydrogen content o f  the e lectrod e  used#
1 0 1  .
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